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The aim of this project was to gain an insight into how the properties of particles 
entering the froth affect the performance of the froth phase. In platinum group 
mineral (PGM) flotation, gangue minerals are known to have a stabilizing effect 
on the froth phase; in this project, their hydrophobicity was changed by the 
addition of depressant and the performance of the froth phase was measured in 
terms of froth recovery. A column cell was used in all the tests, because columns 
can be run continuously, allowing a wider range of froth depths to be investigated 
and allowing for enhanced detection of froth effects. 
 
The first part of the experimental work was performed in the laboratory at UCT, 
using Merensky ore. An experimental procedure was developed which allows the 
study of the interaction between the froth and the pulp phases. In this procedure, 
the column is run continuously while changing the flotation conditions. The 
procedure allows the study of the effect of any flotation parameter (e.g. collector 
type and dosage, depressant type, feed size...) on flotation performance. The 
results showed that the UCT method can be used on a continuously run column 
flotation cell. The UCT method allows the contribution to the concentrate of 
selectively attached (true flotation) and entrained particles to be determined 
separately. This procedure was initially developed for batch flotation tests. 
 
The site tests were carried out on a UG2 ore at the Lonmin Karee K3 flotation 
plant, to investigate the effect of depressant dosage on the froth performance on 
the gangue and the PGMs. The UCT method was used to predict recovery by 
entrainment. A second technique using Cr2O3 as a tracer confirmed the 
accuracy of the UCT entrainment predictions. This is a significant finding as, 













The results showed that as the depressant dosage or the froth height was 
increased, water and total solids recoveries in the concentrates decreased. This 
could be attributed mostly to a decrease in recovery by entrainment, especially of 
gangue minerals, although PGM recovery by entrainment also decreased. For 
the runs operated at constant froth height more PGM were recovered by true 
flotation when the depressant dosage increased. For the runs operated in the 
absence of depressant PGM recoveries by true flotation remained fairly constant, 
indicating that the froth was stable even at the highest froth height used (12 cm). 
 
An important outcome of this project is the remarkable difference in the 
recoveries of the gangue minerals and the PGMs, at the different conditions 
studied. The combined effect of increasing the depressant dosage and the froth 
height caused the recoveries of the gangue minerals to drop to below 1%, while 
the PGM recoveries remained high, even at 500 g/t depressant dosage and 12 
cm froth height. 
 
One of the more significant findings to emerge from this study is that froth 
recovery of both gangue minerals and PGMs is linearly proportional to froth 
height. Froth zone recovery Rf was found to be strongly linked to particle 
properties entering the froth: when the depressant dosage was increased, froth 
recoveries of both gangue minerals and PGM were affected negatively. This 
confirms that particle properties (depressant) critically affect froth stability, which 
was found to be proportional to floatable solids content in the froth phase. 
 
In froth flotation, an increase in grade is generally known to result in loss in 
recovery. This project showed that working at moderate air rate resulted in very 
high PGMs grade, while avoiding a loss in recovery. A possible reason for this is 
the low air flow rates employed in these tests, because of the phenomenon of 
pulp/froth interface vanishing observed during site tests. This result is useful and 
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CHAPTER ONE: INTRODUCTION 
1.1 BACKGROUND 
 
Froth performance in flotation is affected by many parameters. One of the most 
important of these is the hydrophobicity of particles. Past researchers (Klassen 
and Mokrousov, 1963; Dippenaar, 1982 a, b; Johansson and Pugh, 1992; 
Schwarz, 2004; Aktas et al., 2008) have recognized that moderately hydrophobic 
particles (both gangue and valuable minerals) stabilize froths, while highly 
hydrophobic particles have a destabilizing effect instead. The hydrophobicity of 
particles can be changed by the addition of collectors or depressants. The first 
are used to increase the hydrophobicity of valuable minerals, while the second 
are used to decrease the hydrophobicity of floatable gangue minerals. 
 
The aim of this thesis is to develop a strategy to study the interaction between 
the froth performance and the properties of the particles entering the froth zone. 
The strategy will be developed in the laboratory and then trialed on an operating 
flotation plant. The study will be applied to the flotation of PGM ores: the work 
arises from the concern in the PGM industry that the use of high depressant 
dosage will destabilize the froth phase, leading eventually to loss of PGMs. 
 
In platinum flotation, the concentration of platinum group minerals (PGMs) is low; 
most of the particles in the froth are naturally floatable gangue minerals, which 
have a stabilizing effect on the froth (Martinovic et al., 2005). The addition of 
depressant to improve the concentrate grade by removing these particles from 
the froth has the unwanted side effect of making the froth less stable, potentially 
impacting severely on the recovery of PGMs (Bradshaw et al., 2005b). The 
choice of collector also affects the stability of the froth phase: adding a strongly 
hydrophobic collector such as sodium isobutyl xanthate (SIBX) has been found to 
have a destabilizing effect on the froth (Bradshaw et al., 2005a; Wiese et al., 
2006a). Thus platinum ore is a good case study of the interaction between the 
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It should be remembered that, in froth flotation, mineral particles are recovered 
into the concentrate in two ways: by true flotation and by entrainment. True 
flotation is the desired mode of separation, whereas entrainment is unwanted, 
because it is non-selective and reduces the concentrate grade. True flotation 
involves the recovery of particles attached selectively to bubbles, while 
entrainment is the recovery of unattached particles that report to the concentrate 
in the water trapped between the bubbles. Hydrophobic and hydrophilic particles 
are affected equally by entrainment, but for gangue minerals, entrainment is 
usually the more important method of recovery, because of the greater proportion 
of gangue in the ore. 
 
Thus, any attempt to improve the understanding of the effect of particle 
properties on flotation froths or to study the interaction between the pulp and the 
froth phases in flotation, particularly in the flotation of PGMs ores, should include 
the determination of the separate contributions made to the concentrate by true 
flotation and entrainment. In the past this has been difficult to do, and has 
required the presence (or addition) of a non-floatable tracer mineral in the feed to 
measure entrainment (Lynch et al., 1981; Savassi et al., 1998). Recently, 
however, the Centre for Minerals Research (CMR) at the University of Cape 
Town (UCT) has developed a technique, based on laboratory batch flotation 
cells, which allows the contribution to the concentrate of selectively attached (true 
flotation) and entrained particles to be determined separately (Oostendorp et al., 
2005a, b; Wiese et al., 2005). This method is ideally suited to the study of the 
interaction between the pulp and the froth phases in flotation. 
 
In the UCT method, batch tests are performed at increasing depressant dosages. 
When the mass recovery drops no further with increasing depressant dosage, 
and is related linearly with water recovery, it is assumed that all the gangue 
recovered to the concentrate is by entrainment only. This is used as a calibration, 
and means that the amount of floatable gangue can be found at any depressant 
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recovery (see Chapter 2 for more details). It should be noted that to date this 
method has been applied only to batch laboratory flotation cells and not to 
column cells. 
 
Froth performance is an important contributor to overall flotation performance, 
because the froth determines the amount of material that goes to the concentrate 
(recovery) and its quality (grade). Historically, froth performance has been 
measured in several ways. The most common indicators include concentrate 
recovery, grade and enrichment ratio; froth stability; water recovery; froth 
structure and froth recovery. Concentrate recovery, grade and enrichment ratio 
are the most used indicators of froth performance, probably because they are 
easy to measure. Other indicators are more difficult to measure but provide 
insights into froth performance. 
 
Froth stability is known to play an important role in flotation performance although 
its measurement remains a major challenge. Bikerman (1973) made the first 
attempt in measuring foam stability by observing the rate of foam breakdown 
from an equilibrium height in a sparged column. Since then, various types of froth 
stability measurement have been developed based on the Bikerman approach 
(e.g. Barbian et al., 2003; Tsatouhas et al., 2006). Some of these methods have 
been used to measure the froth stability during plant operations (e.g. Barbian et 
al. 2005, Ventura-Medina et al., 2003, Barbian et al., 2006). However, they will 
not be considered for this thesis because they have the potential to interfere with 
small scale flotation tests. 
 
Water flow rate in the concentrate can also be used as an indicator of froth 
stability; this is justified by the fact that the stability of the froth phase is 
determined by the stability of the liquid lamellae between gas bubbles, which in 
turn affects the froth water content (Ekmekci et al., 2006). Various workers have 
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2005; Oostendorp et al., 2005a, b; Bradshaw et al., 2005 b), and it will be one of 
the measures used in this thesis. 
 
Froth surface structure is emerging as a useful descriptor of froth performance, 
as measured using machine vision systems (Banford et al., 1998; Barbian et al., 
2006, Sweet, 2000, Francis, 2001; Hatfield et al., 2003). A machine vision system 
for froth flotation typically consists of a light pointing directly at the froth surface 
and a video camera capturing footage of the top of the froth. The video footage is 
processed using image analysis software and returns a variety of measurements. 
In the case of the SmartFroth system developed at UCT (Forbes, 2005) these 
measurements include the surface bubble size distribution, described by the 
mean, median, minimum, maximum, 20th and 80th percentiles of the distribution, 
as well as by the area weighted bubble size; and a number of froth stability 
factors (such as the stability correlation peak). There are currently some machine 
vision systems being used on flotation plants, e.g. the Metso system at Kennecott 
and JKFrothCam (JKMRC) at Escondida, (Heinrich, 2003). The UCT 
SmartFroth® system will be used in this thesis as one of the measures of froth 
performance. 
 
Froth recovery is defined as the fraction of the particles entering the froth 
attached to bubbles that is recovered in the concentrate (Vera et al., 1999b). 
Froth recovery is therefore an expression of the performance of the froth zone in 
recovering particles by true flotation. Several techniques have been used to 
evaluate froth recovery. Following the work of Feteris et al. (1987), Vera et al. 
(1999b) developed a technique based on determining the first order rate constant 
at several froth depths, and extrapolating the linear relationship between k and 
froth depth to zero froth depth to obtain the collection zone rate constant, kc. The 
froth recovery at any froth depth is then given by k/kc. This method has proved to 
be very useful in the laboratory, in batch and continuous modes (Vianna, 2004; 
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Seaman et al. (2004) proposed the use of a bubble load device for measuring 
froth recovery. This device provides direct measurement of particles entering the 
froth zone from the pulp zone and allows the identification of selective processes 
occurring across the pulp-froth interface. Seaman et al. (2006) have noted that 
there is a discrepancy when measuring Rf using the bubble load device, as Rf 
includes the particles lost when crossing the pulp/froth interface. However, the 
bubble load device would be very difficult to use in a small column and so was 
not employed in this thesis. 
 
Seaman et al. (2006) also reported that the froth recovery was not the same for 
all minerals in their work: differences were noted between the Rf values for 
chalcopyrite, galena, sphalerite, pyrite and non-floatable gangue at different froth 
depths. In this thesis, froth recovery values will be calculated and reported for 
both PGM and gangue minerals. 
 
Another method for measuring froth recovery was proposed by Alexander et al. 
(2000). This method involves solving the mass balance equations across the 
froth, and measuring the grade at the very top of the froth and the gas holdup 
below the pulp/froth interface. This technique is currently used to measure froth 
recovery in large industrial flotation cells (Wills and Napier-Munn, 2006), but is 
considered too complicated for use in this thesis. 
 
Three major types of flotation cell design are currently used in industry: 
mechanically agitated sub-aerated cells, sparged column cells and pneumatically 
driven (e.g. Jameson type) cells. In the laboratory, mechanically agitated batch 
cells are in universal use while column flotation cells are also employed. Column 
flotation cells allow a deeper froth depth to be obtained and can be run 
continuously with much greater ease allowing them to be operated under steady 
state, which is useful for this study of particle effects on froth performance. 
 
In summary, several measurements will be made in this thesis to describe froth 
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depressant dosage. A column cell will be used as it can be run in a continuous 
mode, allows a wider range of froth depths to be investigated and allows for 
enhanced detection of froth effects. To enable the calculation of froth recovery as 
a measure of froth performance, the UCT method will be used to determine the 
separate recovery of particles by true flotation and entrainment. This method will 
first need to be extended to columns, as to date it has only been used in 
laboratory batch flotation cells. 
 
1.2 RESEARCH OBJECTIVES 
 
The aim of this thesis is to develop a strategy to study the interaction between 
the pulp and the froth phases in flotation, in particular the relationship between 
froth performance and the properties of the particles entering the froth zone. 
 
The specific objectives of this project are: 
1. To establish and validate the UCT methodology for a continuously-run column 
flotation cell. This is important because this methodology has never been 
applied to a column flotation cell before. 
2. To develop an experimental procedure to study the interaction between the 
pulp and froth phases, using the UCT methodology to distinguish between 
true flotation and entrainment. 
3. To investigate the relationship between the froth performance (froth stability, 
froth recovery, concentrate recovery and grade) and the properties of 
particles entering the froth. The depressant dosage change will be used to 
change the particle properties. 
 
1.3 THESIS SCOPE 
 
The test work for this project will be carried out in two stages; a 
procedure/strategy will be developed in laboratory tests which will be followed by 
site tests. Operating parameters such as superficial feed and air rates (the latter 
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process will be optimized during the preliminary tests. They will then be kept 
constant during all the experiments. Froth recovery will be evaluated using the 
fitting technique developed by Vera et al., (1999b). The froth depth will be varied 
by the use of different lengths of column above the pulp froth interface. 
 
Froth stability will be evaluated using water recovery measurement. An attempt 
will also be made to adapt and use a machine vision system (UCT SmartFroth®) 
as an indicator of froth stability. 
 
Changing frother and collector dosages is beyond the scope of this project. 
Frother and collector dosages will be optimized during the commissioning and 
preliminary tests. 
 
1.4 STRUCTURE OF THE THESIS 
 
The structure of this thesis is presented in Figure 1.1; the following paragraphs 
provide an overview of each chapter. 
 
 
Figure 1.1: Structure of the Thesis 
 
Chapter 2 presents a review of the relevant literature for the work presented in 
this thesis. 
 
Chapter 3 describes the experimental rig used in this project, the materials used 
and the preliminary work carried out to validate the UCT methodology on column 
cells and to establish the methodology to study the interaction between pulp and 
froth phases in flotation. 
 
Chapter 4 describes the site work that was carried out using the column on an 














Chapter 5 provides a summary of the work that was performed followed by the 













CHAPTER TWO: LITERATURE REVIEW 
2.1 INTRODUCTION 
 
While many studies in flotation have been devoted to the pulp phase, it is only 
recently that attention had shifted to the froth phase, although froth behaviour has 
long been recognized as the key driver of flotation performance. This project 
aims to contribute to the understanding of the effect of particle properties on froth 
performance. Particle properties will be changed by changing the depressant 
dosage in the flotation of PGM ore. Froth performance will be measured using 
the froth varying technique and true flotation will be decoupled from entrainment 
using the UCT methodology. 
 
The present chapter reviews the literature relevant to this study. It begins with a 
brief introduction to the flotation process, followed by a discussion of various 
methods for quantifying froth recovery and entrainment. This is followed by a 
review of froth stability, some techniques to measure it and the factors affecting 
it. A review of column flotation technology follows with an emphasis on why a 
column flotation cell is indicated for this study. The chapter ends with a brief 
overview of platinum flotation. 
2.2 PRINCIPLE OF FROTH FLOTATION 
 
Froth flotation is a widely used process, and is a primary concentration step in 
mineral beneficiation. It is based on the difference in hydrophobicity between 
valuable minerals and gangue. However, very few minerals are naturally 
hydrophobic (Fuerstenau, 2007). In most cases, during or after size reduction 
(crushing and milling), the ore is conditioned with flotation reagents, which create 
and/or enhance differences in surface properties (hydrophobicity) between 
valuable minerals and gangue. The slurry is then introduced into a flotation cell 
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In the flotation cell, valuable minerals become attached to rising air bubbles and 
are recovered in the concentrate stream, while gangue minerals are report to the 
tailings stream. In practice, the process is more complex than this, e.g. during the 
flotation process, there is always some gangue material that is recovered in the 
concentrate along with the valuable minerals. Figure 2.1 is a schematic 













                           Figure 2. 1: Froth flotation process (Bradshaw, 2009) 
 
As can be seen in Figure 2.1, there are two distinct zones in a flotation cell: the 
pulp zone in which mineral particles collide with and become attached to bubbles, 
and the froth zone, in which the particle-bubble aggregates are transported into 
the concentrate launder. The froth zone is important because allows upgrading of 
the concentrate by gravity drainage of water back to the pulp phase (Nguyen and 
Schulze, 2004). 
 
Figure 2.1 also shows the second mode of particle recovery into the concentrate: 
entrainment. This is the recovery of unattached particles, trapped in the water 
between the bubbles. Unlike true flotation, entrainment is unwanted because it 
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Mechanical flotation cells are widely used in the flotation industry. They are 
characterized by a mechanically driven impeller, which provides the necessary 
agitation to keep the particles in suspension, disperses the air into small bubbles 
and promotes bubble-particle collision and attachment (Wills and Napier-Munn, 
2006). A schematic of a mechanical flotation cell is shown in Figure 2.2. 
 
Figure 2. 2: Mechanical flotation cells (Wills and Napier-Munn, 2006) 
 
Column cells were introduced into flotation to reduce entrainment. In column 
flotation cells, air is introduced at the bottom of the column and feed is 
introduced counter currently near the top of the column (Gupta and Yan, 2005). 
The ability to produce deep froths and the use of wash water allow column cells 
to produce far higher grades than their mechanically agitated counterparts. 
Additionally, columns have been found to improve the separation performance of 
fines materials (Wills and Napier-Munn, 2006). 
 
In many flotation plants, mechanically agitated flotation cells are used as 
roughers, while column cells are used as cleaners. The choice of the type of 
flotation cell is driven mainly by the metallurgical performance (recovery and 
grade), the capacity (tons produced per hour), the operating costs and the ease 
of operation (Kelly and Spottiswood, 1989). In the PGM industry in South Africa 
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applications; however there has been renewed interest recently in column 
flotation, due to the concern over the level of chromite in the smelters. 
 
2.2.1 Particle recovery 
 
In froth flotation, there are two main ways that a particle can reach the 
concentrate launder: It can be recovered either by true flotation or entrainment. 
The AMIRA P9 flotation model (equation 2.1; JKMRC/Amira International, 2004) 
is a good representation of the duality of particle recovery; distinguishing 




   (2. 1) 
 
where: 
o R = recovery 
o P = floatability 
o Sb = bubble surface area flux 
o Շ = residence time 
o Rf = froth recovery 
o Rw = water recovery 
o ENT = degree of entrainment 
 





ENT =    (2. 2) 
where: 
o RE is the recovery of entrained material 
o Rwater is the recovery of water 
 
Equation 2.2 can be rewritten as 
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It can be seen from Equation 2.1 that true flotation is affected by particle 
properties (represented by P, the floatability) and operating parameters 
(residence time, bubble surface area flux, froth recovery and water recovery). 
Equation 2.3 shows that entrainment changes linearly with water recovery, which 
is in agreement with the findings of previous studies on entrainment (Johnson et 
al., 1974; Engelbrecht and Woodburn, 1975; Bisshop, 1976). 
 
Some of the terms in Equation 2.1 can be measured or calculated from mass 
balance surveys; these include (Naik and Van Drunick, 2005; JKMRC/Amira 
International, 2004; Yianatos et al., 2009): 
• Operating parameters: bubble surface area flux, residence time 
• Water and overall recovery 
 
The determination of the remaining terms (entrainment and froth recovery) in 
equation 2.1 has been recognized as important for a better evaluation of the 
flotation performance (Engelbrecht and Woodburn, 1988; Mathe et al, 1998; 
JKMRC/Amira International, 2004). Over the past few decades, a number of 
different methods have been developed to evaluate froth recovery and 
entrainment in flotation. These are reviewed briefly in the sections that follow. 
 
2.3 MEASURES OF FROTH PERFORMANCE 
2.3.2 Froth recovery 
 
Not all particles transferred from the pulp zone to the froth zone will be recovered 
in the concentrate launder. Froth recovery refers to the successful transfer to the 
concentrate launder of ore particles entering the froth zone attached to bubbles 
(Mathe et al., 1998). Figure 2.3 shows the mass transfer between the collection 
zone and the froth zone for particles that are recovered by true flotation (Vera et 















Figure 2. 3: Interaction between zones in a flotation cell (Vera et al., 2002) 
 
The overall recovery R (Falutsu and Dobby, 1989) due to true flotation can be 







=    (2. 4) 
 
It can be seen from equation 2.4 that the overall recovery is a function of both the 
collection zone recovery ( cR ) and the froth zone recovery ( fR ); the latter is 
clearly the most limiting factor of the overall recovery R. This is shown graphically 
in Figure 2.4 which is a 3D-plot of R as a function of fR and cR  (equation 2.4). 
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Froth recovery fR  is the total rate of transfer from the pulp to the concentrate 
divided by the rate of transfer from the pulp to the froth phase (Vera et al., 1999b; 





f =    (2. 5) 
 
Various techniques have been used in the past to measure froth recovery. In the 
next section a brief review is provided of the fitting technique which will be used 
during the experimental work. More details of the method can be found 
elsewhere (Vera et al., 1999b; Vera et al., 2002). 
 
2.3.2.1 The fitting technique (Vera et al., 1999b) 
 
Following the work of Feteris et al. (1987), Vera et al. (1999b) developed a 
technique for froth recovery measurement based on determining the first order 
rate constant k in a flotation cell at several froth depths. The collection zone rate 
constant ck  is obtained by extrapolating the linear relationship between k and the 
froth depth to zero froth depth (Figure 2.5). This is based on a well known 
relationship that exists between flotation rate constant k and froth depth FD: 
)FD(bak −=    (2. 6) 
 
where a and b are constants 
The constants a and b can be calculated as follows (refer to Figure 2.5): 
1. When FD = 0 the intercept of the straight line (equation 2.6) on the rate 
constant axis is the collection zone rate ck . Therefore a = ck  
2. 0k)FD( =  is the intercept of the straight line (equation 2.6) with the X-
axis. At this point, the froth depth is so high that there is no material 
transferred from the froth zone to the concentrate launder, i.e. k = zero. 
This condition put into equation 2.6 gives 
0k)FD(ba0 =−=
   
(2. 7) 
 



















=    (2. 8) 
 
              Figure 2. 5: Fitting technique for determining froth zone recovery (Vera et al., 2002) 
 













1kk    (2. 9) 












1R    (2. 10) 
 
Equation 2.10 shows how the froth recovery may be estimated at any froth depth. 
However this relationship should not be used for conditions outside the 
experimental ranges. 
 
The advantage of the fitting technique is that it is simple and can be applied to 
various cell sizes, types and duties (Alexander et al., 2003). The main limitation 
of the fitting technique is the fact that the maximum froth recovery is assumed to 
be 100% at zero froth depth, which is true only in an ideal situation (Yianatos, 
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about what is happening in the froth phase; it does not include any pulp zone 
effects and entrainment is not taken into account. 
2.3.2 Entrainment 
 
Entrainment needs to be measured in this thesis because of the need to 
distinguish between gangue recovered in the concentrate by entrainment and by 
true flotation: the latter only is used to calculate froth recovery which is used as a 
measure of froth performance in this thesis. Previous experimental studies of 
entrainment have focused mainly on hydrophilic minerals and their relationship 
with water recovery (Johnson et al., 1974; Engelbrecht and Woodburn, 1975; 
Bisshop, 1976). There have been a few experimental studies focused on finding 
separately the contribution of true flotation and entrainment to the overall flotation 
recovery. These include, but are not limited to, the method of Trahar (Trahar and 
Warren, 1976), the method of Warren (Warren, 1985), the method of Ross and 
Van Deventer (Ross, 1990), the hydrophobic-hydrophilic method (George et al., 
2004) and more recently the UCT method (Oostendorp et al., 2005a, 2005b). The 
majority of these studies were conducted in ideal systems, which are not 
representative of the industrial environment. 
 
A brief critical analysis of some of these methods is provided in the following 
sections. The assumptions used to develop each method are highlighted and an 
emphasis is put on the UCT method which will be used in this thesis. 
2.3.2.1  Method of Johnson (Johnson et al., 1974) 
 
One of the earliest studies of entrainment was performed by Johnson and co-
workers. Plant and laboratory tests were conducted on five different chalcopyrite 
ores. The typical composition was: 
o Sulphide (less than 10%) 
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A linear relationship between gangue recovery and water recovery was 
observed. Gangue minerals were subjected to hydraulic classification, according 





CFi =   (2. 11) 
 
The classification function expresses the efficiency of the water in transporting 
the various size fractions of the free non-sulphide gangue from the pulp into the 
concentrate launder (Lynch et al., 1974). Figure 2.6 shows the variation of the 
classification factor (CFi) with particle size. It can be seen that for very fine 
particles the classification factor is close to unity, but as the particle size 
increases, the classification function decreases (less entrainment). 
 
 
Figure 2. 6: Classification function vs. particle size (Lynch et al., 1974) 
 
Unlike other entrainment quantification techniques, the Johnson method was 
developed on true systems (using real ores) which is good for modelling 
purposes. However the method does not account for gangue material recovered 
by true flotation. This case arises when an ore contains some gangue minerals 
that are hydrophobic and others that are hydrophilic (as in South African platinum 
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2.3.2.2  Method of Trahar (Trahar and Warren, 1976) 
 
Two separate batch flotation tests are performed in this method; frother is used in 
both experiments but one of the experiments is done without collector. The 
recovery by true flotation is calculated as the difference between the solids 
recovered in the collector and non-collector tests as a function of water recovery. 
Figure 2.7 is an illustration of this method. 
 
        Figure 2. 7: True flotation and entrainment by Trahar Method (George et al., 2004) 
 
The following assumptions were made in the development of this method: 
i. All the particles captured in the froth with no collector used, are recovered 
by entrainment only. 
ii. The degree of entrainment is the same in the presence and absence of 
collector. 
 
As highlighted by Ross (1991) the application of this method is questionable 
when dealing with an ore containing naturally hydrophobic gangue minerals 
which will float even when no collector is added. In addition, collector addition is 
known to affect froth stability profoundly (Bradshaw et al., 2005; Wiese et al., 
2006a) which will affect water recovery and consequently entrainment. Hence 
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2.3.2.3  Method of Warren (Warren, 1985) 
 
This method is based on a simple correlation between the recovery of hydrophilic 
particles and water recovery. Laboratory batch flotation tests were performed on 
a deslimed (+ 6 µm) sulphide-rich cassiterite ore, an ultrafine fraction (- 6 µm) of 
a cassiterite ore and a bituminous coal. Chemical conditions were kept constant; 
recovery was monitored as the froth height and the rate of froth removal were 
changed during different tests. 
 
It was found that the recovery of the mineral (floatable) in each system was 
linearly related to the mass of water recovered. The intercept of the regression 
line on the mineral recovery axis, where water recovery is zero, was interpreted 
as the recovery due to true flotation. The entrainment contribution was taken to 
be proportional to the slope of the line. In this way the contributions of 
entrainment and true flotation to the overall recovery could be separated. The 
Warren method is illustrated in Figure 2.8. 
 
Figure 2. 8: True flotation and entrainment by the method of Warren 
 
The following equations have been proposed to describe the behaviour of 
entrained and floated particles: 
)t(eWF)t(R +=    (2. 12) 
)t(eWRG =    (2. 13) 
where: 
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F is the recovery by true flotation 
W(t) is water recovery 
eW(t) is the recovery by entrainment 
e is the degree of entrainment, which is equal to the slope of R(t) versus W(t) 
Because fast floating particles are recovered first, Ross (1991) recommended 
that the Warren method be applied just long enough to recover the most easily 
floatable solids, because longer flotation time will lead to a change of froth 
structure. 
2.3.2.4  Method of Ross and Van Deventer (Ross, 1990, 1991; Ross and Van 
Deventer, 1988) 
 
In this method, tests were conducted in a Leeds open-top laboratory flotation cell. 
The feed was a mixture of pure pyrite and gangue material from different 
sources. 
 
The main assumption is that the concentration of entrained particles in the froth 
and in the concentrate is identical to the concentration of particles in the pulp. As 
the flotation test goes on, the recovery of floatable particles decreases, so that 
toward the end the test, the particles are recovered by entrainment only. 
Therefore, water recovery and solids concentration in the pulp can be used to 
evaluate recovery by entrainment. Recovery by true flotation can then be 
calculated, 
)t(m)t(m)t(m eitifi −=    (2. 14) 
 
where )t(mand)t(m),t(m eitifi  are the recovery by true flotation, the total recovery 
and the recovery by entrainment, respectively. 
 
The advantage of this method is that a single flotation test suffices to estimate 
the rate of flotation; therefore errors due to differences in the composition and 
conditioning of the feed are minimized. However the assumption that the 
concentration of entrained particles in the froth and concentrate is identical to the 
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ore containing a large amount of floatable (hydrophobic) gangue minerals. It has 
been shown that hydrophobic particles have the potential to increase froth 
stability (Dippenaar, 1982a) therefore increasing recovery by entrainment. 
 
2.3.2.5  Hydrophobic-hydrophilic method (George et al., 2004) 
 
In this method two separate flotation tests are performed using different colloidal 
species of equal size (silica and alumina). Tests were conducted in a one litre 
column-type cell of internal diameter 70 mm and of variable height in the range 
305 - 405 mm. 
 
Because silica is naturally negatively charged and alumina carries positive 
charges, the conditioning of these species with a cationic collector will produce 
two different behaviours: The silica will be recovered by true flotation only and 
alumina will be recovered by entrainment only. Thus the difference in recovery 
between the two experiments gives a measure of true flotation of the hydrophobic 
species (e.g. silica). This method is illustrated in Figure 2.9. 
 
Figure 2. 9: True flotation and entrainment by the hydrophobic-hydrophilic method      
                                                         (George et al., 2004) 
 
A limitation of this method is the fact that it is based on the use of an ideal system 
which is not representative of industrial conditions, where one has to deal with 
real ores (of various surface properties). Furthermore the assumption that silica is 
recovered by true flotation only is questionable, as entrainment is known to affect 
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method was developed to evaluate the entrainment of submicron particles; the 
question arises whether or not this method can be used for normal particle size 
ranges. 
2.3.2.6  JKMRC method (Savassi et al., 1998) 
 
This method which was developed at the Julius Kruttschnitt Mineral Research 
Centre (JKMRC) at the University of Queensland, aimed to develop a model that 
can be used to predict entrainment of gangue minerals into the concentrate. In 
this method a tracer or a fully liberated hydrophilic mineral in the feed is required. 
Savassi et al. (1998) proposed the following equation, to calculate the degree of 
entrainment: 
 
econcentrat the to  waterof transfer Mass
econcentrat the to interval size ith the of
 particles entrained of transfer Mass
ENTi =   (2. 15) 
 
where i indicates the particle size interval. 
 
Equation 2.15 is similar to the classification factor shown earlier (see section 
2.3.2.1). The mass transfer to the concentrate (in units of mass per time) is 
calculated on the basis of pulp, feed or tailings. 
 
The following empirical partition curve was used to describe the variation of the 
degree of entrainment (similar to the classification factor) with the particle size in 



















































−=    (2. 17) 
where di is the particle size [µm] 
ξ is the entrainment parameter [µm], given by the particle size for which. 
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δ is the drainage parameter (dimensionless), related to the preferential. 
drainage of coarse particles. 
 
Figure 2.10 is a graphical representation of Equation 2.16, which shows that the 
following boundary conditions are applicable to these equations: 
0ENTd ii →⇒∞→  
10 ii ENTd =⇒=  
20.0ENTd ii =⇒ξ=  
 
In this method entrainment is linked only to particle size. Although Savassi et al. 
(1998) recognized other parameters affecting entrainment; they were not taken 
into account in the model. 
 
 
             Figure 2. 10: The variation of the degree of entrainment with the particle size 
 
The empirical partition curve (equation 2.16) was used to fit a number of data 
sets published previously in the literature. All the data fitted well, even though 
they were from various researchers, using different minerals and were collected 














                Figure 2. 11: Fitting data from various sources (Savassi et al., 1998) 
 
Entrainment is affected by many factors, which include but are not limited to 
particle size, solids percentage, particle density, the chemistry of the solution and 
rheology of the pulp. The JKMRC method is limited in the fact that it fails to 
include any other factors affecting entrainment apart from particle size. 
 
Anderson (2008) established that entrainment can be calculated, using a version 























=    (2. 18) 
where m
Entr, i 
is the mass flow rate of particles recovered by entrainment. 
m
w,Conc 





is the concentration of particles of class “i” in the pulp just 
below the pulp-froth interface. 
 


























=    (2. 19) 
 
Equation 2.19 is a useful representation of the recovery by entrainment, because 
the solid and water content of the feed are taken into account. Solids percentage 
in the feed had been found to be one of the important factors of solids 
entrainment (Lynch et al., 1981, Savassi et al., 1998). 
 
2.3.2.7 The UCT method (Oostendorp et al., 2005a, 2005b) 
 
The “UCT method” was developed at the laboratory batch scale, in an attempt to 
find separately the amount of gangue recovered by true flotation and entrainment 
in the flotation of PGM ores. Merensky ore, which contains a large amount of 
floatable gangue, was used during the development of the UCT method. 
 
The main assumption in this method is that at high depressant dosage, all the 
gangue recovered is by entrainment only. This is shown graphically in Figure 
2.12, which shows results obtained by Oostendorp et al. (2005a). With increase 
in depressant addition, the recovery of gangue (as well as the water recovery) 
decreased and at 300 g/t the gradient of the gangue recovery versus water 
recovery curve is linear, with the line passing through the origin. Further addition 
of depressant did not decrease the gangue recovery any further. It was 
concluded that the 300g/t line represents the recovery by entrainment only. 
 
Because entrainment recovery is related directly to water recovery, the 
relationship between gangue and water recoveries at high depressant dosage is 
then used as a calibration that maybe applied to all depressant dosages: This is 
done by subtracting the entrained gangue recovery curve from the total gangue 
recovery curve for each depressant addition. The floatable gangue recovery is 


















                   Figure 2. 13: UCT method; Floatable gangue recovery vs. water recovery 
 
The UCT method has been used extensively to estimate the amount of gangue 
recovered by true flotation and entrainment in platinum ores (Oostendorp et al., 
2005a,b; Wiese et al., 2006a,b; 2007). It has been shown to be accurate by the 
concurrent use of a small amount of manganese oxide, which is a non-floatable 
tracer (Oostendorp et al., 2005b) 
 
To date, the UCT method has been used only on small laboratory scale, batch 
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column cell. Apart from being a continuous system, a column cell has an added 
advantage, as it is possible to have deeper froth than in a conventional 
laboratory-scale batch flotation cell, to investigate better the effect of particle 
properties on the froth phase (see section 2.4 below). 
 
2.4 FROTH STABILITY 
 
Slurry feed into a flotation process comprises liquids and solids. Solids can be 
characterized by their size, shape, density and hydrophobicity. The latter is the 
chief requisite of a successful flotation process: Hydrophobic particles will attach 
to bubbles and be carried into the froth phase. Hydrophilic particles are primarily 
recovered by entrainment in the water between the bubbles. As the laden 
bubbles in the upper levels of the froth are being transported toward the 
concentrate launder, coalescence and bursting may occur, releasing hydrophobic 
particles which may also drain back into the pulp. In the lower levels of the froth, 
water drains by gravity, returning entrained hydrophilic particles to the pulp. 
 
These processes are illustrated in Figure 2.14. For the successful separation of 
valuable minerals by froth flotation, the froth phase requires some degree of 
stability to recover the hydrophobic particles while allowing the entrained particles 
to drain back into the pulp. Froth stability is important in the flotation process, 
because it is a key driver of froth performance. Understanding froth stability 














Figure 2. 14: Processes in the froth (Nguyen and Schulze, 2004) 
 
Froth comprises bubbles which are separated by thin liquid films known as 
lamellae. Plateau borders are channels formed where three lamellae meet. Four 
Plateau borders meet in a vertex. The Plateau borders and vertices contain most 
of the liquid in the froth; only a small fraction of the liquid in the froth resides in 
the lamellae. Plateau borders and vertices form an interconnected web of 
drainage channels along which liquid and solids flow, as shown in Figure 2.15 
below (Neethling et al., 2003). 
 
 
Figure 2. 15: Froth structure (Neethling et al., 2003) 
 
Froth destabilization involves the draining of the liquid film to a critical thickness, 
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shows the structure of foam in a column. It can be seen that in the lowest part of 
the foam, the bubbles are round and wet. But as the bubbles move toward the 
interface, the foam is significantly drier due to coalescence and drainage of liquid 
from the foam. 
 
Figure 2. 16: Cross-section through flowing foam (Cilliers, 2006) 
 
Froth stability implies the non-destruction of the boundary between bubbles, until 
the valuable minerals are collected in the concentrate launder. Selectivity in 
flotation is achieved by finding a compromise between a stable and unstable froth 
(Harris, 1982). A very stable froth is not desirable, because more materials are 
collected (increased recovery) at the expense of the grade (which decreases). An 
unstable froth, on the other hand, is not recommended, because the froth will 
collapse before most of the valuable minerals are recovered. The ideal froth 
should (Hatfield et al., 2003): 
• Not be destroyed before its removal from the cell, but collapse in the 
launders. 
• Be mobile or runny enough to withstand the shear stresses encountered 
during transport to the weir. 
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The study of froth stability, therefore, involves finding an optimal combination of 
physical, chemical and hydrodynamic conditions that will allow enough material 
to be recovered, at an acceptable grade. 
 
2.4.1 Measurement of froth stability 
 
The quantitative measurement of froth stability, both at laboratory and industrial 
scales, remains a significant challenge. Several methods have been developed 
to assess the stability of froth. Bikerman (1973) made the first attempt, defining 





V maxf ==Σ    (2. 20 ) 
 
where Vf: The foam volume. 
Q: The gas volumetric flow rate. 
Hmax: foam height at equilibrium. 
A: the cross-sectional area of the vessel. 
 
The measurement involves observing the rate of breakdown of froth from the 
equilibrium height attained (Hmax) in a specially designed foam column. Various 
froth stability measurements have been developed based on Bikerman’s work 
(see e.g. Barbian et al. 2005, Ventura-Medina et al., 2003; Ventura-Medina et al., 
2002). These methods will not be considered for use in this thesis, because they 
have the potential to interfere with the flotation tests. An attempt will be made 
instead to use water recovery and the UCT SmartFroth system to measure 
froth stability. 
 
The stability of a froth is determined by the stability of the lamellae: a rupture of a 
lamella will cause coalescence between neighbouring bubbles, releasing their 
water and solids content (Banford et al., 1998). This explains why water recovery 
at fixed froth height is widely used as a stability measure of the froth (see e.g. 










CHAPTER TWO: LITERATURE REVIEW 
_____________________________________________________________________________ 
32 
al., 2006a,b). Water recovery as a measure of froth stability is useful because it is 
easy to measure and does not interfere with the flotation tests. 
 
The UCT SmartFroth system performs an analysis of the froth surface 
appearance in order to generate various output measurements that are termed 
froth surface descriptors, such as froth surface area, bubble size, velocity and 
burst rate; and cross correlation peak. The latter can be used as a measure of 
froth stability (Forbes, 2005). In estimating the value of “cross correlation peak”, 
two consecutive images are compared in order to find the relative alignment that 
maximises their correlation with each other (de Jager et al, 2004). The resultant 
value of “cross correlation peak” varies between zero and unity. A value of unity 
would represent no changes in the image, and would be indicative of a stable 
froth, while a value of zero would represent a very unstable froth (Morar et al., 
2006). 
 
Froth stability arises from the operating parameters in a cell (air rate, froth 
height), the system chemistry and the properties of solid particles in the froth. 
The system chemistry is determined largely by the addition of frothers, while the 
properties of the solid particles can be either natural or modified by collectors or 
depressants. The effect of some of these parameters on froth stability will be 
analyzed briefly in the following sections. 
2.4.2 Effect of air flow rate on froth stability 
 
Increasing air flow rate is generally thought to increase froth stability and 
therefore the overall recovery. Tao et al. (2000) investigated the effect of air rate 
in a column flotation cell. They conducted their experiments on run-of-mine high-
sulphur bituminous Illinois coal, using a 5 cm diameter microbubble flotation 
column with a height of 170 cm. They found that the froth stability increased with 
increasing superficial air rate. This is shown in Figure 2.17. It is apparent that the 
water recovery increased considerably with the increase in the gas flow rate, 
indicating that the froth was stabilized. Concurrently, combustible and ash 














Figure 2. 17: Effect of superficial air rate on flotation performance (Tao et al., 2000) 
 
The effect of air rate on flotation performance was also studied by Hadler et al. 
(2010). In a study of an operating PGM flotation plant, they found that there was 
a maximum air rate (which they called the “Peak Air Rate”) which allowed 
optimum flotation performance. This is shown in Figure 2.18. Increasing the air 
rate toward the PAR (Peak Air Rate), led to an increase in mass pull and 
recovery, while the concentrate grade decreased. At the same time, decreasing 
the air rate to obtain PAR (Peak Air Rate) conditions resulted in higher grade and 
recovery, while the mass pull decreased. 
 
Figure 2. 18: Air recovery optimization and flotation performance (Hadler et al., 2010) 
 
Ventura-Medina et al. (2004) studied the effect of operational variables on the 
solids loading in bubble lamellae on the surface of flotation froths, in a copper 
concentrator. They showed that air rate was one of the main parameters which 
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bubbles as a function of the superficial gas velocity for different froth depths at 
standard frother concentration is shown in Figure 2.19. It is apparent that the 
average solids loading decreased as the superficial gas velocity increased, while 




Figure 2. 19: Effect of air rate on bubble loading (Ventura-Medina et al. 2004) 
 
The main implication of these observations is that low superficial air rates 
generate high bubble loading. This needs to be taken into account when 
analyzing any flotation result: as Barbian et al. (2005) noted, on a copper flotation 
plant, higher loadings were found to be associated with higher froth bursting 
rates, which are indicative of more selectivity in attachment and therefore a 
higher mineral grade in the concentrate. 
2.4.3 Effect of solid particles on froth stability 
 
Froth can be stabilized or destabilized by solids. The mechanism of froth 
stabilization/destabilization by solids has been investigated thoroughly in the 
past. In groundbreaking research, Dippenaar (1982a) used high-speed 
cinematography to record the interactions of particles of different shapes and 
degrees of hydrophobicity with an artificially thinned film of water. He used single 
films that could be thinned at will. The particles used were quartz, glass and 
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degrees of hydrophobicity. This study shed a new light into the mechanism of film 
rupture by particles. The following results were obtained: 
• Any smooth spherical particles with contact angle >90˚ ruptured the film. 
In the absence of particles, the film survived much longer. 
• Smooth orthorhombic particles (xanthated galena) with contact angle of 
80° ± 8˚ bridged and ruptured the film. 
• Rough particles with a contact angle > 90º could or could not break the 
liquid, depending on factors relating to their specific shape or their surface 
roughness. For those with a contact angle = 98˚ the film was broken. 
 
Dippenaar (1982b) also found that with constant agitation, the rate of froth 
destruction equals the rate of froth production. He concluded that the natural 
thinning of films is the rate-determining step in particle-induced froth 
destabilization. He also realized that viscosity change did not seem to affect froth 
stability, when hydrophobic quartz was used. With a mixture of larger (25 - 37 
µm) and smaller (4 - 6 µm) particles, the larger particles partially destroyed the 
froth. The smaller ones had no effect until they outnumbered the larger ones by 
more than 50 to 1. 
 
More recently, Johansson and Pugh (1992) studied the influence of particle size 
and hydrophobicity on froth stability. Their experiments were an advance on 
Dippenaar’s. They used a Hallimond tube in which they could study the 
behaviour of multiple films. The mechanisms of froth stabilization and 
destabilization by particle hydrophobicity are illustrated in Figure 2.20. As can be 
seen in Figure 2.20 (a) particles with a low degree of hydrophobicity have little 
effect on froth stability. Moderately hydrophobic particles (Figure 2.20 (b)) 
stabilize froth by preventing the froth films from thinning and draining. Very 
hydrophobic particles (Figure 2.20 (c)) destabilize froth by bridging the liquid films 














Figure 2. 20: Summary of particles effect on froth stability (Johansson and Pugh 1992) 
 
Johansson and Pugh also studied the combined effect of particle hydrophobicity 
and size. They found that small particles (26 - 44 µm) affected froth stability as 
follows: 
• When moderately hydrophobic particles (θ = 65°) were present, they 
maximized the static as well as the dynamic froth stability (both at low and 
high frother concentration range). 
• The more hydrophilic particles did not affect froth stability. 
• The more hydrophobic particles quenched the froth. 
 
For coarser particles (74 - 106 µm), on the other hand, these effects were found 
to be much less pronounced. For a mixture of particles with different degrees of 
hydrophobicity (θ = 20°, θ = 65° and θ = 80°) the most hydrophobic fraction 
dominated the mixture and acted as the foam breaker. Fine hydrophobic particles 
had a stronger stabilizing effect on the froth. 
 
From the previous analysis we see that froth stability is closely related to the size 
and hydrophobicity of particles. The combined effect of size and hydrophobicity 
of particles on froth stability is summarized in Table 2.1 (Dippenaar, 1982a, 
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                 Table 2. 1: Summary of particle hydrophobicity effect on froth stability 
 
 
The destabilization of froth by hydrophobic particles was also studied by Schwarz 
(2004) and Ata et al. (2004). Conducting their separate investigations with 
methylated quartz, they found that there was a critical contact angle where 
further increase of hydrophobicity decreased froth recovery of both particles and 
water. This was in agreement with the findings of the previous studies, as 
discussed above. 
 
The main limitation of Dippenaar’s work is the framework of his experimental set-
up. The use of cells that produced single films is far from the reality of flotation 
practice. Another major limitation is that the particles he used were well 
controlled from the point of view of hydrophobicity, which is not always the case 
in reality. Furthermore, in practice; flotation froths are subjected to strong 
hydrodynamic conditions; Dippenaar did not take this fact into account. 
 
In fact the conclusions reached by all the previous workers (Dippenaar, 1982; 
Johansson and Pugh, 1992; Schwarz, 2004; Ata et al., 2004) require more 
testing at experimental conditions closer to a true system, as most of the 
previous studies were performed in ideal systems. However, although these 
experiments were far from reality in the practice of mineral flotation, the findings 
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2.4.4 Effect of frothers on froth stability 
 
Froth stability in flotation is also affected by the pulp chemistry, which is regulated 
by flotation reagents. The chemicals in a flotation slurry or pulp include the added 
reagents (including collectors, depressants, activators, pH regulators and 
frothers), the soluble components of the ore and the ions in the water (Bulatovic, 
2007). 
 
Frothers are surface-active, in most cases non-ionic, molecules whose role in the 
flotation system is to provide a large air-water interface of sufficient stability to 
ensure that attached particles will not fall back into the flotation pulp before they 
can be recovered (Laskowski, 2008). Frothers adsorb at the interface of water 
and air bubbles forming an envelope around the bubbles which is believed to 
prevent coalescence (Bulatovic, 2007). 
 
It can therefore be seen that the main role of frothers is to produce a stable froth, 
although the action of frothers is not limited to this. It has been established that 
frothers are also involved in (Klassen and Mokrousov, 1963): 
• Making air bubbles finer, i.e. they improve the dispersion of air in 
flotation machines. 
• Preventing coalescence of separate bubbles. Coalescence reduces the 
available surface for minerals collection. 
• Decreasing the rate at which air bubbles rise to the surface of the pulp, 
improving the probability of bubble-particle collision. 
• Contributing to the effectiveness of the collector’s action. 
 
Various types of frothers are currently used in flotation e.g. alcohol, alkoxy-type 
and polyglycol-type frothers. In PGM flotation, polyglycols are widely used. Some 
examples include DOW200, DOW250, SK 700 and SENFROTH frothers. The 
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The dosage of frother needs to be selected carefully, as increasing the frother 
dosage will result in more material being collected which results in grade being 
affected negatively. Figure 2.21 shows the effect of frother dosage on the water 
and mass recoveries in the laboratory batch flotation of a Merensky ore (Wiese et 
al., 2010). It is apparent that irrespective of the depressant type and dosage, an 
increase in frother dosage resulted in a more stable froth, which resulted in more 
mass and water being recovered The increases were quite significant with no 
depressant added: Water increased from 380 to 960 g in the concentrate and 
solids increased from 620 to 980 g, upon increasing the frother dosage from 40 
to 70 g/t. The increase was less marked when depressant was added: the 
addition of depressant severely reduced the recovery of both water and solids 
(see section 2.4.6 below). However, even at 500 g/t depressant dosage, 
increasing the frother concentration increased froth stability and the recovery of 
water and solids. 
 
Figure 2. 21: Effect of frother addition on mass and water recoveries in a flotation of a 
Merensky ore (Wiese et al., 2010) 
 
In the study of the effectiveness of frothers on froth stability, their molecular 
structure should not be neglected. Schwarz (2004) investigated the effect of 
molecular weight and concentration of a family of polypropylene glycol frothers 
and an industrial frother (DF400) in the flotation of methylated quartz. She found 
that the highest froth recovery was obtained with the frother of the lowest 
molecular weight, and found also that for each frother there was an optimum 
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In this thesis an attempt will be made to optimize frother dosage during the 
preliminary tests in the laboratory. The optimum frother dosage will then be kept 
constant during the site experiments. 
2.4.5  Effect of Collectors on Froth Stability 
 
Very few minerals are naturally floatable; collectors are used to enhance their 
floatability by making them hydrophobic (water-repellent) thus increasing their 
chances of reporting to the froth phase (Bradshaw et al., 2005a). Various 
collectors are currently available on the market. The typical collectors used in the 
PGM industry are thiols, the most common of which are the xanthates (SEX, 
SNPX, PNBX, PAX...), in some cases with co-collectors dithiophosphate or 
dithiocarbamate (Wills and Napier-Munn, 2006). The collectors have a polar 
group that adsorbs on the mineral interface and a non-polar group that remains in 
the liquid and becomes attached to an air bubble. 
 
Increasing the collector chain length has long been recognized to increase 
hydrophobicity and recovery (Havre, 1952). However the unwanted effect on 
froth stability needs to be taken into account1. For instance it has been found in 
batch flotation tests of Merensky ore that contrary to expectations a shorter chain 
length molecule (SEX chemical formula: C2H5OCSNa) led to the production of 
more water and mass and a greater recovery of base metals than a longer chain 
molecule (SIBX chemical formula: C4H9OCSNa) irrespective of the depressant 
type or dosage (Bradshaw et al., 2005a). This is illustrated in Figure 2.22. An 
explanation of this behaviour can be offered based on the fact that the stronger 
collector SIBX led to increased hydrophobicity of sulphide particles which 
ultimately destabilized the froth phase leading to a decline in water and solids 
recovery (Bradshaw et al., 2005a). 
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Figure 2. 22: Effect of collector type on mass and water recovery in a flotation of a 
Merensky ore (Bradshaw et al., 2005) 
 
Therefore any collector addition must take into account the unintended impact on 
the froth phase e.g. if stronger collectors are being trialed on an industrial plant, 
they need to be tested at conditions that compensate for the effect on the froth 
stability, such as suitable frothers or weaker or lower dosage of depressants 
(Bradshaw et al., 2004; 2005a). 
2.4.6 Effect of modifiers on froth stability 
 
The separation of valuable minerals from gangue by flotation is realized by 
selectively enhancing or hindering the hydrophobicity of selected minerals. 
Reagents used to enhanc  the hydrophobicity of slow floating minerals are called 
activators, while reagents used to hinder the natural hydrophobicity of selected 
unwanted minerals (gangue) are called depressants (Somasundaran and 
Moudgil, 1988). The modes of action of depressants include blocking or blinding 
of the gangue surface, thus preventing collector adsorption onto hydrophobic 
minerals and rendering them hydrophilic (Pearse, 2004). 
 
Although the proportion of floatable gangue in the PGM ores is small, it has a 
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gangue minerals (pyroxene; feldspar and chromite)2. Consequently, depressants 
are added into the flotation cell to suppress the recovery of gangue minerals. In 
South Africa, polymeric depressants such as carboxymethyl cellulose (CMC) and 
guar are widely used in PGM flotation to depress talcaeous gangue minerals 
(Wills and Napier-Munn, 2006). 
 
It was shown in Figure 2.21 and 2.22 that the depression of gangue minerals had 
an adverse effect on the froth phase: froth destabilization, which led to loss in 
recovery. Figure 2.23 is a further illustration of the effect of depressant and 
frother dosage on the recoveries and grades of copper and nickel in a Merensky 
ore. It can be seen that high depressant dosages resulted in an increase in 
copper and nickel grades but always at the expense of recovery, presumably 
because of the drop in froth recovery but also as a result of the depression of 
partially liberated sulphide/gangue particles (Wiese et al., 2010). This observation 
is valid irrespective of the type of depressant used (CMC or guar gum). 
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Figure 2. 23: Combined effect of depressant and frother on copper and nickel recovery and 
grade in the flotation of a Merensky ore (Wiese et al., 2010) 
 
It has been shown above that while depressants are important in achieving good 
selectivity and having high grade, too much depressant dosage can affect 
recovery severely. In this project froth stability and froth recovery will be 
monitored as depressant dosage and froth depth are varied in the column cell 
testwork. 
 
2.5 COLUMN FLOTATION 
 
The main aim of this thesis is to study the interaction between the froth and the 
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throughout. This section reviews some of the most important features of a 
column flotation cell. 
 
2.5.1 Description of a column flotation cell 
 
In industry, a column flotation cell is a vertical vessel typically 12 – 15 m in height 
and 0.5 – 3.0 m in diameter (Yianatos, 1989). A schematic representation of a 
column flotation cell is shown in the Figure 2.24. The feed slurry is fed at the top 
of the recovery zone and flows down to collide with rising bubbles generated at 
the bottom of the cell. After collision, hydrophobic particles attached to air 
bubbles rise into the froth zone (Dobby and Finch, 1985), while unattached 
particles are collected at the bottom of the column (tails). 
 
The most distinctive features of the column flotation cell are the bubble 
generation system, the ability to generate a deep froth and the use of the wash 
water (Finch and Dobby, 1990). Unlike conventional flotation cells, bubble 
generation is achieved through the use of spargers, which can be internal or 
external. 
 
Wash water is used for the following reasons (Nguyen and Schulze, 2004): 
i. To provide a positive bias (downward flow): the net downward flow of 
water is bigger than in the concentrate flow. This action is believed to 
decrease the recovery of fine particles by entrainment. 
ii. To replace the water which drains away from the froth layer, which is 














Figure 2. 24: General schematic of a conventional flotation column 
 
2.5.2 Column flotation flow regimes 
 
Volumetric flow rates in column flotation cells are generally converted to 
superficial velocities which are obtained by dividing the volumetric flow rate by 
the column cross-sectional area. This is believed to make possible any 
comparison between columns of different diameters (Finch and Dobby., 1990). 
As the gas is introduced into the column, there is displacement of the slurry. The 
volume generated is called the gas holdup (εg). The relationship between the gas 
holdup and the superficial gas rate (Jg) is widely used to characterize the flow 
regime of flotation cells and determine the operating gas rate range (Finch et al., 
2007; Dahlke et al., 2005). 
 
It has been found that the performance of a column flotation cell depends 
strongly on the prevailing flow regime; the following flow regimes were identified 
(Shah et al., 1982): 
– Bubbly flow regime: This regime is characterized by uniformly sized bubbles 
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– Churn turbulent regime: As the superficial air rate increases the homogeneity 
of the mixture can no more be maintained and large bubbles take the form of 
spherical caps with a very mobile and flexible interface. 
– Slug flow: At high superficial air rate large bubbles are formed. 
 
These regimes are shown in Figure 2.25. Column flotation cells have been found 
to operate efficiently under bubbly flow regimes (Finch and Dobby, 1990). 
 
Figure 2. 25: Gas holdup as a function of gas rate (Finch and Dobby, 1990) 
 
From Figure 2.25 it is apparent that for each column flotation cell, there is a 
superficial gas rate above which the flow regime will move away from the bubbly 
flow regime. In the following sections the effect of some parameters on 
performance of column flotation cells is reviewed. 
2.5.3 Effect of air rate and frother dosage3 
 
Air rate and frother dosage in a flotation column are important parameters, as 
they have a pronounced effect on the flotation performance. 
 
The effect of increasing frother dosage and superficial gas rate is shown in 
Figure 2.26 (Finch et al., 1989). It can be seen that increasing the frother dosage 
is equivalent to increasing the superficial air rate, as it has similar effect on the 
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gas hold-up. The very first increase of frother dosage or superficial gas rate will 
lead to the production of small bubbles. A further increase of frother dosage or 
superficial gas rate will result in the froth zone being depleted of gas, while the 
gas hold-up in the pulp zone increases. Increasing the frother dosage or 
superficial gas rate even more will lead to the loss of interface, because the gas 
hold up in the froth and the pulp zones will become equal. Following the loss of 
the interface, selectivity will be severely affected; this is the consequence of the 
gas hold-up being the same in the collection and froth zones. 
 
 
Figure 2. 26: Frother and superficial gas rate on gas hold up (Finch et al., 1989) 
 
The upper limit of these parameters is specific to each flotation system. As 
pointed out by Xu et al. (1989) for each frother dosage there is an upper limit of 
air rate, over which the performance of the column flotation cell deteriorates. 
2.5.4 Effect of superficial feed rate 
 
An increase in superficial feed rate at fixed solids percentage increases the 
volume of solids into the column, which result in a decrease in the residence time 
of the solids in the froth phase (Goodall and O'Connor, 1991). The effect of the 
feed solids rate (superficial feed rate) is shown in Figure 2.27. It is apparent that 
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reaches a peak, after which it will drop, even though the feed solids rate 
continues to increase (Del Villar et al., 1989; Xu et al., 1996). 
 
 
Figure 2. 27: Effect of feed solids flow rate on concentrate solids flow rate  
(Del Villar et al., 1989) 
 
2.5.5 Effect of froth height 
 
The combined action of wash water and deep froth allow column flotation cells to 
reduce considerably the recovery of fine particles by entrainment (Finch et al., 
1989, 1995). This enables column flotation cells to have recovery by entrainment 
close to nil and hence produce much higher grades than conventional cells. This 
is illustrated in Figure 2.28 which shows tests performed to separate copper and 
nickel (Huls et al., 1989). It can be seen that, with an increase in froth depth, 
copper recovery decreased and the grade increased, due the rejection of nickel, 














Figure 2. 28: Effect of froth depth on recovery and grade (Huls et al., 1989) 
 
Even though increasing froth height is known to increases grades, too high froth 
height can result in a poor concentrate grade and the reverse situation can give 
rise to a reduced recovery due to decreased residence time of particles in the 
pulp (Tao et al., 2000). 
2.5.6 Using a column flotation cell in this project 
 
The key objectives of this study are to find separately the amount of gangue 
recovered by true flotation and entrainment in the flotation of a platinum ore, 
using the UCT methodology, and to find out how froth performance is affected by 
the depressant dosage. The use of a column flotation cell for this project offers 
the following advantages: 
i. Deep froth is likely to make the froth effect easy to monitor and to 
minimise the recovery by entrainment. 
ii. The column is run continuously, which allows the column to be operated 
under steady state. 
 
In order to achieve the thesis objectives, the froth height and the depressant 
dosage will be varied independently. Unlike the batch flotation test, in a column 
flotation cell the froth is not scraped. Therefore it is expected that the 
implementation of the UCT methodology on a continuously-run column cell might 
hinder the flowing of the concentrate into the launder. Table 2.2 highlights the 
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Table 2. 2: Batch flotation test vs. column continuous flotation test 
 
From Table 2.2 it can be seen that the main constraint in increasing the 
depressant dosage on a continuously-run column cell is the ability to maintain a 
steady concentrate flow rate. Any increase of the depressant dosage has the 
potential to destabilize the froth phase (Bradshaw et al., 2005a) and severely 
affect the concentrate flow. Consequently the maximum depressant dosage 
attainable on a continuous column flotation cell needs to comply with the free 
flowing of the concentrate. 
2.6 PLATINUM FLOTATION 
 
In South Africa, platinum ores are extracted from the Bushveld Igneous Complex, 
the world’s largest source of Platinum Group Metals. Several ore bodies are 
being mined for PGMs, but the most pr minent are Merensky and UG2 ores. 
 
The rock-forming minerals of the Merensky reef, which varies in composition 
according to its location, are comprised of roughly equal amounts of dark 
ferromagnesium silicate minerals and lighter aluminosilicate minerals (feldspathic 
pyroxene) and some chromite (Schouwstra and Kilnoch., 2000). The UG2 reef 
consists predominantly of chromite (60 to 90%), with lesser silicate minerals (5 to 
30% pyroxene, and 1 to 10% plagioclase). Other minerals present in minor 
concentrations include phlogopite, biotite and the oxides (ilmenite, rutile and 
magnetite). Base metals make up a small percentage, with chalcopyrite, 
pyrrhotite, pyrite, pentlandite and less frequently millerite representing less than 
0.1% (Schouwstra and Kilnoch, 2000; Penberthy et al, 2000). 
 
Table 2.4 presents a mineralogical composition of UG2 and Merensky ores from 
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talc. But even in small percentage, the latter has been found to affect froth 
stability profoundly. It is evident that chromite is the most abundant mineral in 
UG2 ore while it represents only a small percentage in Merensky ore. It can also 
be seen that Merensky ore is characterized by higher base metal (sulphide 
minerals) content than UG2 ore. 
 
The PGE (not shown in Table 2.3) are distributed unevenly throughout the 
Merensky and UG2 reefs in the Bushveld complex (Cawthorn, 2011). Due to their 
small percentage, they are usually expressed in parts per million (g/t). In 
Merensky and UG2 platinum ores, the PGE represent 3 to 11 g/t and 4 to 10 g/t 
respectively (Liddell et al, 1986). 
 
           Table 2. 3: Mineralogy composition of UG 2 ore (Solomon, 2010) 
 
 
In the flotation of PGM ores, the choice of reagents depends on many factors, but 
the determining factors are the downstream operations and the types of ore that 
are being processed. Typical reagent suites in PGMs flotation include thiol 
collectors (xanthates, sometimes with co-collectors dithiophosphate or 
dithiocarbamate); in some cases, copper sulphate is added as an activator; and 










CHAPTER TWO: LITERATURE REVIEW 
_____________________________________________________________________________ 
52 
to inhibit recovery of naturally floatable talcaceous gangue (Wills and Napier-
Munn, 2006). 
 
The flotation behaviour of platinum ore minerals is strongly linked to their 
mineralogical composition. In Merensky ore, for instance, talc and orthopyroxene 
have been identified as froth stabilizing components (Becker et al., 2009). 
Therefore the depression of gangue needs to be conducted carefully, as this has 
an adverse effect on valuable minerals recovery. 
 
The high chromite content in the UG2 ore has the potential to cause serious 
metallurgical problems and only 3% of chromite is tolerated in the final 
concentrate (Ekmekçi et al., 2003). Therefore in processing UG2 Platinum ore, 
the main target is to keep the chrome grade compatible with downstream 
processes. Being an oxide mineral and naturally hydrophilic, chromite has low 
floatability and its passage into the concentrate is almost entirely by entrainment 
e.g. in the water between the bubbles. This was confirmed by Hay and Roy (2010 
a, b) who found that chromite recovery could be described by a linear function 
and was strongly correlated with water and mass recovery. They found also that 
there was a similarity between the relationships of Cr2O3/water, Cr2O3/mass and 
water/ mass in laboratory flotation tests. 
 
Although chromite has been recognized as hydrophilic its recovery by true 
flotation is possible under two conditions: 
i. Copper sulphate could inadvertently activate chromite and the subsequent 
addition of collector could result in high recoveries of chromite in contrast 
to the low recoveries obtained in the absence of copper sulphate 
(Wesseldijk et al, 1999). 
ii. The presence of hydrophobic talc residual layers, similar to those found on 
orthopyroxene surfaces, probably from partial alteration, could change the 
surface properties (hydrophobicity) of chromite totally (Jasieniak and 
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This thesis will investigate the effect of depressant dosage and froth depth on the 
froth performance in the flotation of PGM ores. 
2.7 SUMMARY 
 
Various methods can be used to quantify separately the amount of gangue 
recovered by true flotation and entrainment. Because of the nature of platinum 
bearing ores4, only a few of the methods reviewed in this chapter can be consider 
for this purpose. The UCT method (Oostendorp et al., 2005) is of particular 
interest as it is based on the use of high depressant dosage. This is important for 
platinum ores which contain a significant proportion of floatable gangue minerals. 
In this method it is assumed that at high depressant dosage, the floatable gangue 
minerals are totally depressed, consequently the recovery of gangue minerals 
can be consider to be by entrainment only. 
 
The JKMRC method (Savassi et al., 1998) is also of interest as it requires the 
presence of a non-floatable tracer. Due to its hydrophilic properties, chromite 
could be potentially used as a tracer in the flotation of the UG2 ore, on the 
condition that chromite is proved to be recovered solely by entrainment. 
 
Froth stability is a key driver of flotation performance. Previous workers 
(Dippenaar 1982 a, b; Johansson and Pugh, 1992, Schwartz, 2004; Ata et al., 
2004) have found that particle hydrophobicity is one of the important factors 
affecting froth stability. Hydrophobicity can be natural or induced via flotation 
reagents (collectors or depressant). Most of previous work reviewed in this 
chapter was performed on synthetic systems (i.e. not using real ores) or on a 
batch scale. In this thesis the effect of depressant dosage on froth performance 
will be monitored using an experimental set-up closer to a true system; e.g. using 
real ore and a continuously-run column flotation cell. 
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This review has shown that froth stability measurement is not a straightforward 
exercise. Various techniques can be used for this purpose, but in this thesis 
“water recovery” and the “UCT SmartFroth system” will be employed. These 
techniques are of particular interest as they are not invasive. 
 
This review showed also that froth recovery is an important measure of froth 
performance, as it affects the overall flotation performance. This thesis will seek 
to unravel how froth recovery is affected by depressant dosage. The froth depth 













CHAPTER THREE: PRELIMINARY WORK 
3.1 INTRODUCTION 
 
The first two objectives of this thesis were to establish the “UCT method” on a 
continuously operated column cell, and to develop a strategy using the UCT 
method for studying the relationship between froth performance and the 
properties of particles in the pulp phase. These two objectives were addressed 
during preliminary tests done in the laboratory at UCT. This chapter describes the 
equipment and materials used in the preliminary work, the experimental 
methodology that was developed and the results obtained. The experiments were 
mostly concerned with the determination of the appropriate operating parameters 
of the column e.g. air flow rate, feed flow rate, froth depth and reagent (frother 
and depressant) dosages for the PGM ore that was used in the tests. 
 
The aims of the laboratory preliminary work were the following: 
 To commission the column cell and determine suitable operating parameters 
(air and feed flow rates, froth depth, reagent dosages) for the PGM ore being 
used in the tests. 
 To determine the highest depressant dosage attainable during the operation 
of the continuous column flotation cell, while maintaining a steady froth depth. 
This was necessary b cause depressant dosage is a key parameter of the 
experimental methodology used in this project (UCT method). 
 To establish the UCT method on the continuously operated column cell. 
 To use the UCT machine vision system (UCT SmartFroth®) as a froth stability 
indicator, in addition to water recovery measurement. 
 To establish a procedure/strategy for studying the relationship between froth 
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The work was complicated by the fact that milling had to be carried out at 
Stellenbosch University (60 km from UCT), as there was no big mill at UCT. This 
meant that the flotation tests had to be carried out at a lower pulp density than 
might otherwise have been the case. Nevertheless the work proceeded 
successfully as described in the remainder of this Chapter. 
3.2 EQUIPMENT 
 
This thesis used much of the same equipment as used by Anderson et al. (2009) 
in their study of an oscillatory baffled flotation column. The main items were the 
100 mm diameter PVC column cell, a 550 L feed tank and a 500 L tailings tank, 
two peristaltic pumps, a centrifugal pump and an in-line mixer. These items are 
described in the following sections, followed by a brief description of the ancillary 
equipment (crusher, mill) used to prepare the feed for the column tests. 
3.2.1 Process Flow Diagram 
 
A flow diagram of the rig is shown in Figure 3.1. The rig was set up for 
continuous operation, to allow steady-state operation of the column cell.  This 
meant that a single set of froth performance measurements could be made for 
each set of operating conditions. Operating the column in a batch mode would 
have made it very difficult to measure the froth performance, which would have 
been changing all the time. 
 
Peristaltic pumps were used to introduce the feed into the column and to 
withdraw the tails. The tails were withdrawn from the base of the column and 
were collected in a 500 L tank. Air was added using a static in-line mixer through 
which part of the tails was pumped using a centrifugal pump. The level control of 
the pulp was achieved through a potentiometric level controller (L/C) which 
measured the difference in conductivity between the froth and the pulp phases. A 
200 A halogen light and a video camera were used to capture froth images for 














                                  Figure 3. 1: Flow diagram of experimental apparatus 
 
3.2.2 Column Cell 
 
A schematic of the 10 cm diameter flotation column is shown in Figure 3.2. The 
column was made of a clear PVC section, through which the position of the pulp-
froth interface could be distinguished visually during column operation. The feed 
point was situated 45 cm below the top of the column. The distance from the feed 
point to the air inlet (in-line mixer), termed the collection zone, was kept constant 
during the column operation. The air inlet was positioned 10 cm above the 
column base. The concentrate was allowed to overflow freely into the launder. 
 
Removable extension parts (Figure 3.3) could be placed at the top of the column 
as required, to increase the froth height without changing the volume of the pulp. 
The extension parts of the column were not used during the preliminary tests in 

















Figure 3. 2: Schematic of the column flotation cell 
 
 
                                Figure 3. 3: Removable extensions for the column cell 
3.2.3 Feed and Tails Tanks 
 
A 550 L plastic tank with a mixer was used for holding and conditioning the feed 
slurry. Mixing was provided by a 2.2 kW three phase motor coupled to a variable 
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A similar but slightly smaller plastic tank was used to collect the tailings from the 
column. 
3.2.4 Feeds and Tails Pumps 
 
Two single phase Masterflex peristaltic pumps (Figure 3.5) were used for feed 
and tails (pumping capacity 0 – 10 L/min). The feed rate was fixed to around 2.5 
L/min and the tails rate was adjusted automatically by the level controller. 
 
Figure 3. 5: Peristaltic pumps used for feed and tails 
3.2.5 Bubble Generation System 
 
The bubbles for flotation were generated outside of the column using a static in-
line mixer (shown in Figure 3.6) similar to the one used in the JKMRC High 
Bubble Surface Area Flux Flotation Cell (Vera et al.,1999a). A centrifugal pump 
was used to pump a part of the tailings slurry through the in-line mixer at high 
pressure, and into the base of the column. 
 
The inline mixer was made of two concentric steel tubes; a larger outer tube 
carrying the slurry and a smaller inner tube carrying the air. The inner tube was 
perforated and covered tightly by a porous rubber tube. The in-line mixer 
produced bubbles by mixing air with slurry drawn from the tail line. The resulting 
air-slurry mixture was introduced to the base of the column through a distribution 
nozzle. The air flow rate could be adjusted by means of a valve upstream of the 
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coupled to the centrifugal pump. The resulting bubble size distribution was a 
function of the air flow rate, the slurry flow rate and the frother concentration in 
the pulp (Vera et al., 1999a). 
 
Figure 3. 6: In-line mixer-a) Fully assembled-b) Dismantled 
3.2.6 Level Controller 
 
The level of pulp in the column was controlled utilizing the difference in 
conductivity between the pulp (strong electrolyte) and the froth (weak electrolyte) 
phases. The level control system consisted of a potentiometric level 
measurement device and a PI controller. The conductivities were measured by 
two nickel-chrome electrodes installed inside the column walls. This system 
produced a linear output (0 to 4 V) proportional to the position of the pulp along 
the chrome/nickel electrodes. This signal was sent to the PI controller which 
adjusted the speed of the tails pump to maintain the desired set point. Even 
though the output could in theory be affected by the pH and the conductivity of 
the solution, in practice the system was found to maintain the pulp level at the 
desired value over extended periods of time. 
3.2.7 UCT SmartFroth ® System 
 
The UCT SmartFroth ® system was used as a complement to the measurement 
of froth stability provided by water flow rate measurement. The UCT SmartFroth 
® system consists of a video camera and a 200 A halogen light. The camera 
records the image of froth surface, which is illuminated by the halogen light. The 
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analysis of the footage provides the Stability Correlation Peak which is an 
indication of the stability of the froth phase. 
 
3.2.8 Sampling Points 
 
Samples were collected in 5 L buckets. The feed sample was collected from the 
feed tank while the slurry was being conditioned; the concentrate samples were 
collected from the froth launder; and the tails samples were collected just before 




A Sturtevant jaw crusher (shown in Figure 3.7) in the Department of Geology 
(University of Cape Town) was used to crush the ore sample as received at UCT 
from ± 70 mm to ± 10 mm. A spade was used to mix and split the product 
manually into 60 kg plastic bags. A total of 33 bags were obtained. 
 
                                                         Figure 3. 7: Jaw crusher 
3.2.10  Mill 
 
After crushing, samples were milled in the laboratory of the Department of 
Process Engineering at the University of Stellenbosch. A 0.42 m internal 
diameter ball mill of 1.04 m length was operated continuously in closed circuit 










CHAPTER THREE: PRELIMINARY WORK 
_____________________________________________________________________________ 
62 
and 60 mm in diameter, were used. The mass of balls in each set was 8, 23, 68, 
75 and 90 kg respectively. 
 
The mill was operated at 60 % critical speed (45 rpm). The feed rate was set 
initially to 50 kg/h and progressively adjusted such that the recirculation rate was 
approximately 2 to 3 times the feed rate. For each flotation run, 60 kg of ore were 
fed, but only 40 kg were collected. The loss was due to the time (30 min) allowed 
for the mill to reach steady state. 
 
After steady state was attained, the under flow of the screen was collected in 20 
L buckets, while the overflow was recirculated into the mill; this procedure was 
continued until there was very little material on the screen. Twenty-five buckets of 
slurry were collected for each flotation run, which was conducted the on the 
following day at UCT. 
 
 
Figure 3. 8: Ball Mill circuit used during preliminary tests 
 
3.3 MATERIALS 
3.3.1 Feed Ore 
 
Merensky ore from the Rowland shaft (Lonmin PLC/Rustenburg, South Africa) 
was used throughout the preliminary tests. Two tons of ore was received from 
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Merensky ore contains approximately 1% sulphide minerals in the form of 
chalcopyrite, pentlandite and pyrrhotite; the PGEs are believed to be associated 
with these sulphide minerals (Wiese et al., 2007). The remainder of the ore is 
comprised of gangue minerals. A typical QEMSCAN analysis of the Lonmin 
Merensky ore used in the preliminary tests is shown in Table 2.3 (Chapter 2). It is 
clear that the ore is dominated by the silicate minerals: 87.2% of the ore is made 
up of siliceous minerals (i.e. orthopyroxene, plagioclase, clinopyroxene and talc). 
It is known that talcaceous minerals (orthopyroxene and talc) are naturally 
floating (Becker et al., 2009), which makes their depression problematic since 




Cape Town tap water was used in all the preliminary laboratory flotation tests. 
The following flotation reagents were used: 
• Collector: Sodium ethyl xanthate (SEX) supplied as powder by Senmin. 
1% solutions of the xanthate collector were prepared using distilled water. 
The required amount of collector was delivered to the feed tank using a 
500 mL syringe. 
• Depressant: Carboxyl methyl cellulose (CMC) supplied by Senmin as 
powder (Dep 267). 1% solutions of depressant were prepared by hydrating 
the required amount of powder in distilled water for two hours, using a 
magnetic stirrer. A 2000 mL beaker was used to deliver the depressant to 
the feed tank. 
• Frother: Dowfroth 250 supplied by Senmin was used as received; 
preparation was not required. Frother was added using a 10 mL syringe. 
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3.4 OPERATING PROCEDURE 
3.4.1 Commissioning Tests 
 
The first stage of commissioning the rig was done using water; to detect any 
leakage and to ensure that the column was running perfectly. Ore was used only 
in the second and third stages, to find acceptable levels for the operating 
parameters of the column: volumetric feed rate, volumetric air rate and froth 
depth. The starting points for the operating parameters were the values used on 
the same equipment by Anderson et al. (2009). After commissioning, the 
parameters listed in Table 3.1 were kept constant for the remainder of the tests. 
Table 3. 1: Column tests fixed parameters 
 
Fixed Parameters Value or Type 
Froth Depth 100 mm 
Feed solids percentage 10 % 
Collector Dosage [SEX] 100 g/t 
Water Tap water 
Volumetric air rate 3 L/min 
Volumetric feed rate 4 L/min 
 
The parameters showed in Table 3.2 were changed. 
 
Table 3. 2: Column operating variables 
Operating variables Value 
Frother Dosage [DowFroth 250] 16, 20, 25 ppm 
Depressant Dosage [CMC Dep 267] 0, 100, 300,500 g/t 
3.4.2 Initial Runs 
 
In developing the methodology for studying the relationship between the froth 
performance and the properties of the pulp phase, two procedures were trialled. 
The first runs were performed as follows. 
 
For each run, twenty-five buckets each containing 20 L of pulp were poured into 
the 550 L feed tank, while mixing to avoid settling. Tap water was added to make 
up the final solids content to 10% using a densimeter to evaluate the solids 
percentage. The tests were performed at this low pulp density because the 
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density would have meant several trips to Stellenbosch in a day. Reagents were 
added to the feed tank in the following order: first 100 g/t of collector, after which 
the slurry was allowed to condition for 20 min; secondly 16 ppm of Dowfroth 250, 
after which the slurry was conditioned for a further 5 min before flotation testing 
began. The tests were started without any depressant addition. 
 
While the slurry was being conditioned, the column cell was filled with water and 
the air flow and recycle pump were turned on. The level controller was set so as 
to have 100 mm froth height. The pulp was introduced into the column after 
sampling the feed off-line. After the first froth overflowed in the launder, the rig 
was allowed to operate for 2.5 residence times (≈ 13 min) in order to achieve 
steady state before samples were taken. 
 
Full-stream samples of tails and concentrate were taken simultaneously. Five 
samples of each stream were collected. The time between sample collections 
was two minutes. The concentrate samples were collected over 2.5 min and the 
tails samples over 45 seconds. 
 
The first feed sample was collected off-line (before the pulp was fed into the 
column) and the second feed sample was collected at the end of the flotation 
test. Feed samples were collected over 45 seconds. 
 
When sampling was completed the column was emptied and flushed with water, 
while the contents of the feed tank continued to be mixed to avoid settling. 
Depressant was then added to the feed tank to make up a dosage of 100 g/t after 
which the procedure described above was repeated; and then again for the 
remaining depressant dosages (300 and 500 g/t). 
 
This procedure was long and consumed a lot of slurry. It was decided to adopt 
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3.4.3 Final Procedure 
 
Unlike the initial procedure (section 3.4.2), each run was continued without 
shutting down the column after the collection of the first set of samples (test with 
no depressant added). 
 
After the first set of samples had been collected, the volume and % solids of the 
slurry remaining in the feed tank were measured, and depressant was added to 
the feed tank to make the dosage up to 100 g/t. The column was allowed to 
reach steady state for 2.5 residence times (≈ 13 min), after which samples were 
again collected as described above. More depressant was added to the feed tank 
to make the dosage up to 300 g/t and the procedure was repeated; and then 
again for 500 g/t. This technique allowed 4 different operational conditions (tests) 
to be carried out for one feed tank (one run). 
 
At the end of the final condition, the feed to the column was switched off and a 
second feed sample was collected. The circuit was then flushed with water in 
order to remove any solids from the recycle line before the column was emptied 
and shut down. 
 
All samples were weighed, filtered, dried and weighed again in the UCT 
laboratory. Dried samples were assayed for nickel and copper using Atomic 
Absorption Spectroscopy (AA) and sulfur using a LECO Sulfur Analyser; all in the 
Department of Chemical Engineering at UCT. 
 
A total of 10 runs and 40 tests were performed over a period of six months. 
Various air rates, froth heights, frother dosages and recycle rates were tested in 
the laboratory at UCT during this time. These changes were pursued until the 
column operation was satisfactory. In this Chapter the results of only four runs 
and 15 flotation conditions (tests) judged as satisfactory are presented. Table 3.3 
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Table 3. 3: Summary of the preliminary tests 
 
3.5 RESULTS AND DISCUSSION 
3.5.1 Feed characteristics 
 
Feed samples collected from the 550 L feed tank prior to each run were weighed 
wet and dry, and split into sub samples. Randomly selected sub-samples were 
sent to the laboratory for assay while others were combined and split into seven 
size fractions, namely + 214 µm, - 212 µm + 150 µm, - 150 µm + 106 µm, -106 + 
75 µm, -75 + 53 µm, - 53 µm + 38 µm and – 38 µm. Because the flotation tests 
were conducted on different days, every effort was made to keep the milling 
conditions (dilution, recirculation, ball charge…) constant; however, differences in 
the milled product were noted. A typical size distribution of the ball mill discharge 
is presented in Table 3.4. It can be seen that all particles were smaller than 212 
µm and that the particles finer than 38 µm represented the most abundant size 
fraction; this is an indication that the feed was fine (65 % -75 µm). 
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The fineness of the feed is further confirmed by Figure 3.9 which presents the 
cumulative percent passing versus screen size. It is apparent that P60 = 60 µm is 








































Figure 3. 9: Cumulative percentage passing as function of particle size 
 
3.5.2 Flotation test results 
3.5.2.1 Validation of flotation test procedure 
 
Figures 3.10 to 3.13 show the results of the four runs carried out as part of the 
preliminary work, in which the 15 different reagent combinations listed in Table 
3.3 were investigated. Th  X-axis represents the run time, the Y-axis represents 
the solids and the water flow rates and the depressant dosages (g/t) are 
indicated at the top of each plot parallel to the X-axis. Frother dosages of 5, 16, 
20 and 25 ppm were tested and the depressant dosages investigated were 0, 
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Figure 3. 10: Effect of CMC depressant on concentrate mass and water flow rates  

































Figure 3. 11: Effect of CMC depressant on concentrate mass and water flow rates  
at 16 ppm of frother 
 
Increasing the frother dosage (from 5 to 25 ppm) resulted in an increase in water 
recovery, particularly at low depressant dosage, with a corresponding increase in 
mass recovery. This indicates a more stable froth, which is consistent with 










































Figure 3. 12: Effect of CMC depressant on concentrate mass and water flow rates  
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Figure 3. 13: Effect of CMC depressant on concentrate mass and water flow rates  
at 25 ppm of frother 
 
When carrying out these tests, the major concern was whether or not the froth 
would survive at high depressant dosage. It was found that the test operated at 5 
ppm (Figure 3.10) could not sustain 500 g/t of depressant as this led to the froth 











CHAPTER THREE: PRELIMINARY WORK 
_____________________________________________________________________________ 
71 
Concurrently with water and solids recovery measurement, the UCT SmartFroth® 
system was used to monitor the froth stability during each run as the depressant 
dosage was increased. The results are shown in Figure 3.14. The ‘correlation 
peak’ information can be used as an indication of froth stability: as the ‘correlation 
peak’ rises, the froth gets more stable (Morar et al., 2005). The X-axis represents 
the time during which pictures were sampled for analysis using the UCT 
SmartFroth® software. The graph represents the stability correlation peak of the 
points (sampled pictures) and pink line represents their average. 
 
It is evident that for all the tests, irrespective of the frother dosage, there was a 
sharp decrease in the correlation peak on going from 0 to 100 g/t of depressant. 
There was a smaller drop in going from 300 to 500 g/t depressant dosage. It can 
also be seen that the stability correlation peaks are related to frother dosage: 
they are the higher at 20 and 25 ppm than at 5 and 16 ppm. This is consistent 
with the froth stability measurement indicated by the water recoveries. 
 
 
Figure 3. 14: Effect of depressant dosage on froth stability at different frother dosages: 
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Figure 3.15 shows the structure of the froth at 16 ppm frother dosage as captured 
from the video footage taken by the UCT SmartFroth® system (Points a, b, c and 
d) correspond 0, 100, 300 and 500 g/t of depressant respectively, it is clear that 
froth shed particles as the depressant dosage was increased. 
 
 
Figure 3. 15: Froth structure at different CMC depressant dosages 
: a) 0 g/t, b) 100 g/t, c) 300 g/t and d) 500 g/t 
3.5.2.2 Effect of depressant dosage on flotation performance 
 
Figures 3.16 and 3.17 present the effect of depressant dosage on water and 
solids flow rates at different frother dosages. Each point is the average of the five 
points shown in Figures 3.10 to 3.13. It is clear that at each frother dosage 
tested, the mass and water flow rates decreased as the depressant dosage was 
increased; irrespective of the actual frother dosage. This result was expected 
because previous researcher  found similar results on the same ore in a 3L 
batch flotation cell (Bradshaw et al., 2005 a, b; Wiese et al., 2005, Wiese et al., 
2010). In this sample of Merensky ore, 87.20 % of the material is floatable 
gangue minerals (see section 2.7 for more details), and depression (i.e. removal) 
of the floatable gangue particles from the froth phase would make the froth phase 
less stable, resulting in less solids and water being recovered. 
 
The maximum depressant dosage (500 g/t) was determined by the ability of the 
concentrate to overflow freely into the launder. It was observed that with more 
than 500 g/t of depressant (not shown) the mobility of the froth was severely 
reduced: this led to the selection of 500 g/t of depressant as the maximum 
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was able to be increased without any froth mobility consideration, as the 
concentrate was scraped manually. However Oostendorp et al. (2005a, b)5 found 
that 300 g/t was enough to depress all the floatable gangue minerals. 
 
 
Figure 3. 16: Effect of depressant dosage on solids and water flow rates  
at 5 and 16 ppm frother dosage 
 
Figure 3.18 plots the solids vs. water flow rate for all fifteen tests described 
above. Each depressant dosage is represented by four points (corresponding to 
four frother dosages), except for the 500 g/t of depressant which has only 3 
points, because the froth failed to survive at 5 ppm of frother. 
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Figure 3. 17: Effect of depressant dosage on solids and water flow rates  
at 20 and 25 ppm frother dosage 
 
It can be seen that with an increase in depressant dosage from 0 to 500 g/t at 
any fixed water flow rate, solids recovery decreases. It can also be seen that two 
of the three points at 500 g/t of depressant, are well aligned with the series of 
points at 300 g/t depressant (dotted line). This observation leads to the possible 
conclusion that 300 and 500 g/t depressant dosage gave similar results. The 
coefficient of correlation between these points was found to be close to unity, 
confirming the linearity between water and mass flow rates at 300 g/t (and 500 
g/t); in addition the equation obtained passes very close to the origin, suggesting 
that the gangue is recovered by entrainment only. 
 
Comparison between Figure 3.18 and Figure 2.12 (Chapter 2) shows that the two 
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been established and can be applied on a continuously-run column flotation cell. 
No attempt was made to calculate separately the amount of gangue recovered by 
true flotation and entrainment. This was done during the next phase of the tests 
in which the column was operated on a mine site (Chapter 4). 
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Figure 3. 18: Effect of depressant dosage on water and solids flow rates at 0, 100, 300  
and 500 g/t depressant (▲ = 0 g/t, ■ = 100 g/t, ♦= 300 g/t, ● = 500 g/t) 
 
3.5.3 Effect of depressant dosage on recovery and grade of copper and 
nickel 
 
Figures 3.19 to 3.22 plot the recoveries of copper and nickel during each of the 
runs reported above. The X-axis represents the run time and the Y-axis 
represents the recoveries of the base metals. It can be seen that the recoveries 
of copper remained higher than the recoveries of nickel for all the tests. This was 
expected as the flotation rate of chalcopyrite is known to be very rapid and 
pentlandite is considered to be a slow floating sulphide (Wiese et al., 2006a). 
 
It can be also seen that increasing the depressant dosage did not affect the 
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other hand, the grade of copper and nickel increased as the depressant dosage 

























0 g/t 100 g/t 300 g/t
 
Figure 3. 19: Effect of depressant dosage on base metals recovery at 5 ppm frother  
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Figure 3. 20: Effect of depressant dosage on base metals recovery at 16 ppm frother 
dosage (dashed lines = Mean Cu and Ni recoveries) 
 
This outcome is predictable as, upon addition of depressant, gangue particles 
were being removed from the concentrate. It can be seen however that the grade 
increased more upon addition of depressant in the runs done at 5 and 16 ppm of 
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fact that as the frother dosage increased, the froth became more stable leading 
to more material being recovered by entrainment. This would lead to a decrease 
in grade in the tests done at higher frother dosage (20 and 25 ppm). This result is 






























Figure 3. 21: Effect of depressant dosage on base metals recovery at 20 ppm frother 
dosage (dashed lines = Mean Cu and Ni recoveries) 
 
 
Figure 3. 22: Effect of depressant dosage on base metals recovery at 25 ppm frother 
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Figure 3. 24: Effect of depressant dosage on base metals grade at 16 ppm  
frother dosage 
 
Due to cost constraints, platinum assays were not conducted, so the influence of 
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Of the frother dosages tested, 16 ppm was considered to be optimum, as it 
produced the highest recovery and grade of copper and nickel. This frother 
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3.6 CONCLUSIONS OF THE PRELIMINARY WORK 
 
The column flotation cell was commissioned successfully. The procedure to study 
the interaction between the pulp and froth phases was established. 
 
The UCT method was tested successfully. The results showed that 10 cm froth 
depth can survive a high depressant dosage of 500 g/t, which is expected to 
make possible the use of the UCT method on a continuously-run column flotation 
cell, during the next stage of the tests.  
 
The test work at UCT was performed at low pulp density (10% solids) due to the 
fact that the ore had to be milled at Stellenbosch University (60 km from UCT), 
making the transportation of slurry a challenging task. The site tests (Chapter 4 
below) provided the opportunity to work at high solids percentage. 
 
The recoveries of copper and nickel were not affected negatively with the 
increase in the depressant dosage, while the grades of both base metals 
increased steadily. Unfortunately no assays of the PGMs were possible, to 
determine whether the PGMs were affected negatively by the poor froth stability 
(upon adding extra depressant). PGMs assays were done in the next phase of 
work (Chapter 4). 
 
The UCT SmartFroth® system was adapted and tested as a complement to 
water recovery measurement of froth stability. The froth stability measured with 
SmartFroth® corresponded well with froth stability measurements provided by 
water recovery. 
 
Based on the preliminary tests, a frother dosage of 16 ppm was selected for the 
site tests. Dosages of 20 and 25 ppm were not considered because of the poor 
upgrade of the base metals and at 5 ppm of frother, the froth could not survive at 













CHAPTER FOUR: COLUMN FLOTATION TESTS AT K3 FLOTATION 
PLANT (LONMIN PLC) 
4.1 INTRODUCTION 
 
This chapter presents the results of the site tests, which were performed at the 
Karee K3 flotation plant at Lonmin PLC. The Karee K3 flotation plant is situated 
in the Rustenburg area (North West Province) and has two streams: the first 
stream processes mainly the Merensky ore and the second processes the UG2 
Platinum ore. Tests in this project were performed on the UG2 stream. The 
column was used in the final cleaning application: the feed was the concentrate 
from the primary cleaner second stage. 
 
The aims of the site tests were two fold: firstly, to determine separately the 
recovery of minerals by true flotation and entrainment and, secondly, to evaluate 
the effect of depressant dosage on froth performance (recovery and grade of 
PGM and Cr2O3, froth recovery of PGM). The mass recovered by entrainment 
was determined by the UCT method, which was established in Chapter 3. Froth 
recovery was measured using the varying froth depth technique; hence, at each 
depressant dosage, the column was operated and sampled at three different 
froth depths. Every test was conducted twice under similar experimental 
conditions (same feed location, same column settings). Changes in the feed 
characteristics were outside of the control of the experiments. 
 
This chapter begins with a description of the column operation, the flotation 
conditions and the data analysis technique. The test results are then presented, 
beginning with the feed characteristics (particle size distribution, composition and 
percentage solids), the mass and water recoveries and an evaluation of 
entrainment by the UCT methodology. An alternative entrainment methodology is 
presented, which allows assessing the accuracy of the UCT methodology. The 
chapter ends with the study of the effect of depressant dosage and the froth 
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The most significant operational change from the preliminary tests (see Chapter 
3) was the use of column removable parts, which allowed the change of the froth 
height without changing the pulp volume, as discussed in section 2.2.2. 
4.2 TESTWORK AND DATA ANALYSIS 
4.2.1 Column flotation equipment 
 
The equipment used during the site tests was almost identical to that used during 
the preliminary tests1: the same PVC column cell, the same centrifugal pump and 
in-line mixer, and the same potentiometric level controller (L/C). 
 
During the site tests, a 235 L feed tank coupled with a mixer replaced the 550 L 
feed tank which was used during the preliminary tests, and two new Watson 
Marlow pumps (620S and 620U) were used for the feed and tailings respectively. 
The tailings tank was not required as the tails were disposed into the plant 
tailings stream. An attempt to use UCT SmartFroth® during the site tests failed 
because the tests were performed in the open air, which severely affected the 
quality of the pictures (see Chapter 2 for information on SmartFroth). The final 
set-up of the equipment at K3 flotation plant is shown in Figure 4.1; the operating 
parameters of the column are hown in Table 4.1. 
 
Table 4. 1: Column parameters 
Column variables Values 
Diameter [cm] 10 
Total Height [cm] 3, 9, 12 
Wash water [L/min] Nil 
Air flow rate [L/min] 1.0 
Feed rate [L/min] 2.5 
 
Before tests were carried out, scoping tests were done, in order to find the most 
appropriate running conditions of the column cell (reagent dosage, air flow rate 
and froth height). 
                                            
 
1














Figure 4. 1: Experimental apparatus on site at the Karee 3 flotation plant 
4.2.2 Column flotation, operation and sampling 
 
The feeds used in the site-work tests comprised samples of primary cleaner 
second stage concentrate, taken by hand and poured into the column feed tank 
while mixing to avoid settling. The feeds were collected from the plant on different 
days, just before a run was to be carried out. For each run enough feed material 
was collected to allow three conditions to be tested (depressant dosage or froth 
height change). 
 
The air was taken from the plant circuit and all the reagents used during the site 
work were those in use on the plant. Guar gum (Sendep 369) was used as 
depressant in all the tests. SNPX collector was used for all the tests, at a dosage 
of 60 g/t, while frother was not added for the reasons provided below. The 
reagent dosages used are summarized in Table 4.2. 
 
Table 4. 2: Reagent dosages 
Reagents Value [g/t] 
Frother Dosage Not added 
Depressant Dosage [Sendep 369] 0, 100, 500 






Air flow meter 
In-line mixer 
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At the beginning of each scoping test the pulp/froth interface could be observed 
but as the test went on, the interface practically disappeared. This phenomenon 
was detected over many tests, which led to the conclusion that there was a “loss 
of interface” as described by Finch et al. (1989) and discussed in section 2.6.2.1. 
This phenomenon was observed previously in coal flotation (Tao et al., 2000). 
Nothing could be done to change the frother content of the pulp as frother was 
added upstream in the plant; the only option was to decrease the volumetric air 
rate. This led to the use of a much lower volumetric air rate than used previously 
in the laboratory tests. The air flow rate was decreased from 3 L/min (0.64 cm/s) 
to 1 L/min (0.21 cm/s); this would be expected to produce lower recoveries. 
 
The same flotation procedure was used as that developed for the preliminary 
tests (section 3.4.3). The reagents were added to the feed tank in the following 
order: collector first after which the slurry was allowed to condition for 15 min 
before adding the depressant. The slurry was conditioned for a further 15 min 
before flotation testing began. While the feed was conditioning the column cell 
was filled with water and the air and recycle pump turned on and set to the 
appropriate levels. The pulp was introduced into the column, after sampling the 
feed off-line. Feed samples were taken at the beginning and at the end of each 
run. After the first froth overflowed and after any change of variable (depressant 
dosage or froth height), the rig was allowed to operate for three residence times 
in order to achieve steady state before samples were taken. Timed samples of 
concentrate and tail were taken simultaneously. At 0 and 100 g/t of depressant, 
the concentrate was collected over 3 min; at 500 g/t of depressant, the 
concentrate was collected over 15 min. The tails as well as the feed were 
sampled over 2 min. 
 
All samples were weighed, filtered, dried in an oven and weighed again. They 
were sent to the Lonmin analytical laboratory to be assayed for platinum group 
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eight runs were performed; in each run three different conditions were tested; 
and 192 samples of feed, concentrate and tail were generated. 
 
Table 4.3 summarizes the conditions that were varied in the tests. It can be seen 
that each test was done twice (A and B) under similar experimental conditions. In 
Runs 1A and 1B the depressant dosage was varied while all other parameters 
were kept constant. The other tests were conducted at constant depressant 
dosage with froth height being varied. 
 
Table 4. 3: Experimental conditions 
 
4.2.3 Data analysis (mass-balancing) 
 
Raw data from sampling continuous processes always contain errors. A common 
solution to this problem is to adjust the measured assays and solids flow rates, 
and create a new consistent data set that satisfies all the mass balance 
equations (Luttrell, 2010). In order to mass balance correctly, two criteria must be 
met: all the mass balance equations must be valid, and the total adjustments to 
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The TECHBAL (Luttrell, 2010) program was chosen to adjust the raw data in this 
project. This program was developed at Virginia Tech and was chosen because it 
is user-friendly and flexible. It is based on the use of the Solver function which is 
part of the Microsoft Excel spreadsheet program. The Solver function minimizes 
the error between the raw data and the balanced data, subject to the standard 
deviation of the raw data points. 
 
TECHBAL utilizes a connection matrix, which is a mathematical representation of 
the flow sheet. Within the matrix defined by the nodes and the streams, the flows 
are indicated by the presence of (+1), (-1) and (0). A (+1) indicates an inflow e.g. 
feed; a (-1) indicates an out flow e.g. tail; and a (0) shows that the stream is not 
connected to the node (Kohmuench, 1998). The flow sheet used in this project is 
rather simple; it can be seen in Figure 4.2, where F, C, T are the feed, the 
concentrate and the tail flow rates, respectively, and f, c, t are their assays. 
 
 
Figure 4. 2: Flow sheet used in this project 
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where Cij is the connection matrix of component i in the concentrate of unit j 
Mi is the mass flow rate of each stream i, and 
k
iA  is the assay for each component k in stream i. 
 
The balanced data are estimated through the minimization of the weighted sum-
of squares (WWSQ) between the raw data and the balanced data (Kohmuench, 
1998). This minimization needs to respect equations 4.1 and 4.2. 
 
The data from each test were mass-balanced separately: one feed sample, one 
concentrate and one tail. Feed number one was selected because it was less 
variable than feed two over all the tests. The following data were mass-balanced: 
solids flow rates; mass fractions of solids; Cr2O3, SiO2 and Al2O3 grades 
(percentages); and PGM grade (g/t). The number of samples to mass balance 
per test was 3 (feed, concentrate and tail). 
 
Figure 4.3 compares the measured and the balanced solids flow rates [g/min], 
PGM flow rates [g/h], Cr2O3 flow rates [kg/h] and solids percentages [%] for Runs 
1A and B. 
 
Figures 4.4 to 4.6 show the same for Runs 2A and B; Runs 3A and B; and Runs 
4A and B, respectively. 
 
It can be seen that for all the runs, the agreement between the measured and the 
balanced data is good. The details of the TECHBAL mass-balancing procedure 
as well as the Al2O3 data not shown in Figures 4.3 to 4.6 can be found in 
Appendices B, C and D. Only the balanced data (Cr2O3, PGM, solids flow rate 
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4.3 RESULTS AND DISCUSSION 
4.3.1 Feed characteristics 
 
The feed samples were sized using a Malvern Mastersizer. Figure 4.7 shows the 
mean d50 of each run, as well as the global mean and standard deviation of all 
the runs. It is apparent that the feed was changing constantly; this result was 
expected due to plant variability. The feed was clearly fine, with a global mean 
d50 of 36.35 µm. It can also be seen that the feeds to Runs 1B, 4A and 4B were 
finer than the mean of all runs, while the feeds to the remaining runs were 
coarser than the average. The detailed Malvern Mastersizer results can be found 
























Figure 4. 7: Average feed particle size for all eight runs (solid line = global mean,  
dashed line = standard deviation) 
 
Figures 4.8 to 4.11 below present the mass balanced values of percentage 
solids, percentage SiO2, percentage Cr2O3 and PGM grade [g/t] in the feeds for 
the different runs in the following order: 1A – 1B – 2A – 2B – 3A – 3B – 4A – 4B, 
as well as the global mean value in each case and the standard deviation. For 
each run there were three tests and therefore three values: as there were eight 
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Figure 4.8 shows that the percentage solids in the feed also varied, with an 
average of 27.79 % and a standard deviation of 2.12 %. It also appears that the 
solids content decreased during the run in some cases, i.e. Run 1A (tests 1, 2 
and 3), Run 2B (10, 11, 12), Run 3B (16, 17, 18) and 4A (19, 20, 21). This is an 
indication of poor mixing in the feed tank. Future tests should try to improve the 

















































Figure 4. 8: Percentage solids in the feed for all eight runs (solid line = global mean, 
dashed line = standard deviation) 
 
Figure 4.9 presents the SiO2 content of the feed during each test. It can be seen 
that SiO2 was the most abundant gangue mineral in the feed, with a mean of 
51.32 % and low standard deviation. This shows that the silicate content in the 
feeds was steady. 
 
Figure 4.10 shows the variability of Cr2O3 during the site tests. The Cr2O3 grade 
was very low, with a global mean of around 2 % in the feed. This can be 
compared with the Cr2O3 content of the feed to the Karee K3 flotation plant 
(rougher feed) which is of the order of 62 % (Solomon, 2010). Most of the Cr2O3 
would have been removed during previous ore processing steps (roughing and 
first stage of cleaning), so it was expected that the Cr2O3 in the feed to these 
tests would be low. The variability of Cr2O3 is a further indication of poor mixing in 































































Figure 4. 9: Mass % SiO2 in the feed for all eight runs (solid line = global mean,  










































Figure 4. 10: Mass % Cr2O3 in the feed for all eight runs (solids line = global mean,  
dashed line = standard deviation) 
 
Figure 4.11 shows the variability of the PGM grade in the feed during the site 
tests. The average PGM grade over all the tests was 78.36 g/t but this was highly 
variable. The most visible change happened in the last six tests (19 to 21 in 
Figure 4.7), where PGM grade increased by 20 to 30 g/t above the average. This 























































Balanced PGM Grade [g/t]
 
Figure 4. 11: PGM grade (g/t) in the feed for all eight runs (solids line = global mean, 
dashed line = standard deviation) 
 
Most of feed variability described above was unavoidable, a consequence of 
drawing feed from an operating plant. This variability can be mineralogical (PGM, 
SiO2) or physical (size, solids percentage) in nature. It will be important to take 
this variability into account when analyzing the flotation results. As pointed out by 
Napier-Munn (1995), flotation performance is usually correlated with the feed 
characteristics. 
 
4.3.2 Effect of depressant dosage and froth height on total solids and 
water recoveries 
 
Figures 4.12 and 4.13 show the effects of depressant dosage (Runs 1 A and B) 
and froth height (Runs 2 A and B; Runs 3 A and B; and Runs 4 A and B), 
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Run 1A: Froth Height 9 cm, Depressant 0, 100, 500 g/t
Run 1B: Froth height 9 cm, Depressant 0, 100, 500 g/t
 
Figure 4. 12: Effect of depressant dosage on concentrate solids and water flow rates 
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Run 2A: Dep 0 g/t, Froth Height: 3, 9, 12
Run 2B: Dep 0 g/t, Froth Height: 3, 9, 12
Run 3A: Dep 100 g/t, Froth Height: 3, 9, 12
Run 3B: Dep 100 g/t,  Froth Height: 3, 9, 12
Run 4A: Dep 500 g/t,  Froth Height: 3, 9, 12
Run 4B: Dep 500 g/t,  Froth Height: 3, 9, 12
 
Figure 4. 13: Effect of froth height on concentrate solids and  
water flow rates (Runs 2, 3 and 4) 
 
Some overall trends are apparent. For example it can be seen that in each of the 
runs, as the depressant dosage (Figure 4.12) or the froth height (Figure 4.13) 
was increased, water and total solids recoveries in the concentrates decreased. It 
can also be seen that the results of duplicate Runs A and B are different in each 
case, although these runs were performed under similar conditions. This latter 
Increasing Depressant Dosage 
within each run 
Increasing Froth Height 
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behaviour is probably the result of the combined effect of the differences in 
mineralogy, size distribution and solids percentage in the feeds as shown in 
Figures 4.5 to 4.8 above, but a more likely explanation is that the frother dosage 
was higher during Run 1A. Nevertheless the same trends can be observed. 
 
These results confirm the earlier findings of the laboratory tests (Chapter 3). 
Runs 1A and 1B (Figure 4.12) investigated the effect of depressant dosage (0, 
100 and 500 g/t) at a constant froth height of 9 cm. Increasing the depressant 
dosage would have led to the removal of floatable gangue minerals from the froth 
zone, making it less stable and resulting in less water and solids being recovered 
in the concentrates. This result is similar to that observed during the preliminary 
laboratory work (see section 3.5.2). 
 
Runs 2, 3 and 4 were carried out at three froth heights (3, 9 and 12 cm) at 
constant depressant dosages of 0, 100 and 500 g/t, respectively. For each run, 
as the froth height was increased, the weakly and non-hydrophobic particles 
would have been subjected to increased drainage, again resulting in less solids 
and water being recovered in the concentrates. This is in agreement with 
previous work on the effect of froth height on flotation performance (Engelbrecht 
and Woodburn, 1975; Tao et al., 2000). 
 
4.3.3 Calculation of entrainment (UCT method) 
 
As discussed in section 2.3.2.7, the UCT methodology allows the calculation of 
the separate contribution of true flotation and entrainment to the concentrate 
recovery. The methodology assumes that at high depressant dosage (500 g/t for 
this project) in PGM flotation, all the gangue minerals are recovered by 
entrainment only. This methodology was established for column cells in Chapter 
3 of this thesis. 
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a. The column cell was operated under steady state. Since the 
samples were taken after three residence times, the column can be 
considered to have operated under steady state. 
b. Mixing was perfect around the pulp/froth interface (concentration 
under the interface). For this project, the characteristics of the pulp 
just below the pulp-froth interface are considered to be the same as 
the feed characteristics, since the feed was injected a few 
centimeters below the froth zone. 
c. All the mineral species have the same entrainability. The 
entrainability of minerals can be considered to be the same if the 
particles are very fine, which is the case for this project as was 
shown in section 4.3.1. 
 
All these assumptions may be regarded as reasonable for the work that was 
carried out for this thesis. 
 
Figure 4.14 plots the solids versus water flow rates in the concentrate for Runs 4 
A and B which were performed at 500 g/t of depressant. Omitting one point from 
the regression because it was remote from all other data points produces a 
straight line fit that does not pass through the origin. The correlation coefficient is 
not very close to unity, because there are few data points and the froth was 
highly unstable at 500 g/t depressant. It might have been better to use a lower 
depressant dosage i.e. 300 g/t. Nevertheless, the equation and the curve 
observed are similar to that shown in Equation 2.12 and Figure 2.5 (section 
2.3.2.3). Warren (1985) has shown that the intercept of the regression line 
represents the recovery by true flotation, while the slope is the entrainment 
factor. 
 
The result observed in Figure 4.14 is different from the initial assumption that at 
high depressant dosage, the gangue is recovered by entrainment only (see 
section 2.3.2.7). Figure 4.14 suggests that even though the tests were performed 
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Nevertheless, following the method of Warren (1985), the slope of the regression 
line may be taken to represent the degree of entrainment in Runs 4A and B, and 
hence in all other column tests, as noted in section 2.3.2.3. 
 
 
Figure 4. 14: Concentrate solids and water flow rates at 500 g/t of depressant (Run 4) 
 
Following Equation 2.19 (section 2.3.2.6) and using assumption b at the 
beginning of this section, Anderson (2008) suggested that the X-axis be modified 
by normalizing it with the ratio of the mass flow rates of solids and water in the 
feed: (mSolids/mw)Feed. This leads to Figure 4.15 below. 
 
 
Figure 4. 15: Concentrate solids and water flow rates at 500 g/t of depressant (Run 4) 
 
Increasing Froth Height 
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Figure 4.15 has the advantage of producing a better fit (higher coefficient of 
correlation), but more importantly the solids and water content of the feed have 
been taken into account. Therefore for the remainder of this thesis the X-axis will 
be normalized, as illustrated in Figure 4.15. 
4.3.3.1 Calculation of true flotation (UCT Method) 
 
Table 4.4 presents the mass flow rates of the total solids (mConc) and entrained 
(mEntr) solids for Runs 1A and B, which were performed at a constant froth height 
of 9 cm and varying depressant dosage (0, 100 and 500 g/t). The mass flow rates 
of entrained solids were calculated on the basis of equation 2.12. The degree of 
entrainment was derived from the linear regression line in Figure 4.15 and is 
equal to 1.40. The mass flow rate of solids recovered by true flotation (mTrue) is 
the difference between the total and the entrained solids flow rates. A sample of 
calculation is shown below for Test 1 of Run 1A (data in Appendix F): 
 
Table 4. 4 : Flotation data of Test 1 of Run 1A: 0 g/t Depressant, 9 cm Froth Height 
mSolids, Feed [g/min] mw, Feed [g/min] mw, conc [g/min] mSolids, conc [g/min] 















ENT = 1.40 (refer to Figur  4.15) 
 













=   (4. 3) 
 
min/g51.137min/g22.98*40.1 ==  
 
The mass flow rate of solids recovered by true flotation is calculated using the 
following formula 
 
EntrConcTrue mmm −=    (4. 4) 
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Table 4. 5: Total, entrained and true flotation flow rates for Run 1 (UCT method) 
Run 
Depressant (mSolids/mw)Feed*mw,conc mw,conc mConc mEntr mTrue 
[g/t] [g/min] [g/min] [g/min] [g/min] [g/min] 
1A 0 98.22 202.97 186.60 137.51 49.09 
1A 100 35.12 85.67 86.93 49.16 37.77 
1A 500 6.84 18.20 14.99 9.57 5.42 
1B 0 26.77 72.08 79.30 37.48 41.82 
1B 100 13.45 35.53 44.19 18.83 25.36 
1B 500 1.97 5.44 8.76 2.76 6.01 
 
The data in Table 4.5 are shown graphically in Figure 4.16 for Runs 1A and B. 
For each run the points on the same vertical line represent the measured total 






































Run 1A: Froth Height 9 cm, Depressant 0, 100, 500 g/t
Run 1B: Froth height 9 cm, Depressant 0, 100, 500 g/t
Entrainment (UCT Method)
 
Figure 4. 16: Total, entrained and true flotation flow rates for Run 1 (UCT Method) 
 
Figure 4.16 and Table 4.5 show that as the depressant dosage increased from 0 
to 100 and then 500 g/t, the amount of gangue recovered by both entrainment 
and true flotation decreased appreciably. Although Run 1A and 1B were 
performed under similar experimental conditions, it can be seen that the solids 
and water recoveries were much greater for Run 1A than 1B. An explanation of 
this behaviour can be offered based on the high percentage solids in Run A 
(Figure 4.8), although the mean particle size was much coarser (figure 4.7). 
Total Solids 
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Table 4.6 presents the details of the entrainment calculations for Runs 2, 3 and, 
4, which were carried out at constant depressant dosage (0, 100 and 500 g/t, 
respectively), but at three different froth heights (3, 9 and 12 cm) within each run. 
The procedure described above was used to calculate the mass flow rate of 
solids recovered by entrainment and true flotation in each test. It can be seen 
that as the froth height increased, the mass flow rate of solids recovered by true 
flotation decreased. Figure 4.17 shows the same data graphically. 
 




Depressant (mSolids/ mw)Feed*mw,conc mw,conc mconc mEntr mTrue 
[cm] [g/t] [g/min] [g/min] [g/min] [g/min] [g/min] 
2A 3 0 86.22 217.35 175.73 120.70 55.03 
2A 9 0 53.35 132.38 130.66 74.69 55.97 
2A 12 0 43.86 113.68 112.11 61.40 50.71 
2B 3 0 103.77 221.89 198.61 145.28 53.33 
2B 9 0 92.68 198.54 179.83 129.76 50.07 
2B 12 0 85.08 192.77 163.29 119.12 44.17 
3A 3 100 37.49 97.18 89.90 52.49 37.41 
3A 9 100 25.37 66.60 60.20 35.52 24.68 
3A 12 100 13.21 35.64 31.37 18.50 12.87 
3B 3 100 49.57 129.76 98.84 69.40 29.43 
3B 9 100 33.54 88.71 65.78 46.96 18.82 
3B 12 100 20.38 56.28 40.58 28.54 12.04 
4A 3 500 9.48 25.90 19.47 13.27 6.20 
4A 9 500 8.30 23.39 15.58 11.62 3.97 
4A 12 500 7.17 21.32 14.85 10.03 4.82 
4B 3 500 11.60 34.49 21.04 16.23 4.81 
4B 9 500 10.14 30.25 17.70 14.20 3.50 
4B 12 500 10.10 30.33 12.98 14.15 01 
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Run 2A:Dep 0 g/t, Froth Height: 3, 9, 12
Run 2B: Dep 0 g/t, Froth Height: 3, 9, 12
Run 3A: Dep 100 g/t, Froth Height: 3, 9, 12
Run 3B: Dep 100 g/t, Froth Height: 3, 9, 12
Run 4A: Dep 500 g/t, Froth Height: 3, 9, 12
Run 4B: Dep 500 g/t, Froth Height: 3, 9, 12
Entrainment (UCT Method)
 
Figure 4. 17: Total, entrained and true flotation flow rates for Runs 2 to 4 (UCT Method) 
 
It can be seen in Table 4.6 that the runs operated at lower depressant dosages 
generated higher solids flow rates in the concentrate than those carried out at 
higher depressant dosage, irrespective of the froth height. Thus the runs 
operated at 500 g/t of depressant (Runs 4A and B) produced the lowest solids 
flow rates even at the lowest froth depth (3 cm). For the runs carried out at 100 
g/t of depressant, the mass flow rates of solids recovered by true flotation 
decreased appreciably as the froth height was increased. For the runs carried out 
at 0 g/t depressant, the mass flow rates of solids recovered by true flotation also 
decreased, but not as appreciably, even though there was a big decrease in the 
mass flow rates of solids recovered by entrainment. This is probably because the 
froth was much more stable: even though the water and entrained solids were 
draining out as the froth height increased, the bubbles were not coalescing, so 
solids recovery by true flotation remained high. 
 
At 500 g/t of depressant (Runs 4A and 4B) the flow rates of solids recovered by 
true flotation were close to zero and did not change much with increase in froth 
height. At 500 g/t of depressant, almost all of the floatable gangue minerals 
would have been depressed, but there was obviously still a small amount of very 
True 
flotation 











CHAPTER FOUR: COLUMN FLOTATION TESTS AT K3 FLOTATION PLANT (LONMIN PLC) 
_____________________________________________________________________________ 
102 
hydrophobic material floating. An increase in froth height did not make a big 
change in this amount. 
 
The data presented above in Tables 4.5 and 4.6 rely on the extrapolation of the 
entrainment flow rates beyond the experimental conditions used to derive the 
linear relationship in Figure 4.15 (Runs 1A and 1B). Additionally, data points used 
to derive the relationship are limited (5 points). A question therefore arises, as to 
whether or not it was correct to extrapolate the entrainment data beyond the 
experimental conditions, as has been done. In order to answer this question an 
alternative method will be used in the next section to evaluate independently the 
mass flow rate of solids recovered by entrainment. The result of this evaluation 
will allow the assessment of the entrainment flow rates predicted by the UCT 
method. 
 
4.3.4 Calculation of entrainment and true flotation (Savassi Method) 
 
Due to the problem of extrapolation raised above, it was decided evaluate the 
solids entrainment flow rates using the Savassi method, which is based on the 
presence of a non-floatable liberated tracer in the feed. In the following sub-
section Cr2O3 and Al2O3 will be studied as indicators (tracers) of entrainability in 
the tests that were carried out. Cr2O3 and Al2O3 were selected for potential use 
as tracers because they both derive from hydrophilic species (Cr2O3 and 
plagioclase, respectively). Other components such as SiO2 and MgO were not 
considered because they derive from floatable mineral species (SiO2 and 
orthopyroxene, respectively). 
 
4.3.4.1 Investigation of Cr2O3 and Al2O3 as tracers 
 
Table 4.7 shows the ratios of Cr2O3 and Al2O3 flow rates to water flow rates in the 
concentrates of all the tests in which the depressant dosage and the froth height 
were varied (Runs 1 to 4). It can be seen that the (Cr2O3 flow rate / water flow 
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indication that the Cr2O3 recovery depends only on the water recovery in all the 
runs, except for Run 1. For Run 1B there is a clear deviation from all other ratios, 
which will be explored further in the next section1. 
 
It can also be seen in Table 4.7 that the (Al2O3 flow rate / water flow rate) ratios 
were not constant (the standard deviations for Cr2O3 are smaller than for Al2O3). 
This suggests that Al2O3 cannot be said to be recovered solely by entrainment. 
Therefore Al2O3 will not be considered for use as a tracer in this analysis. 
 
Table 4. 7: Ratios of Cr2O3 and Al2O3 flow rates to water flow rate in all the tests 
 
 
Figure 4.18 plots the flow rates of Cr2O3 vs. normalized water flow rates for all 
the tests. It is obvious that the Cr2O3 flow rate is linearly proportional to water 
flow rate, with a correlation coefficient close to 1, and a Y-intercept close to zero. 
This confirms that Cr2O3 was recovered solely by entrainment. It is important to 
note that this entrainment relationship is valid for all the Runs, and does not need 
to be extrapolated to higher water recoveries as in Figure 4.16 and 4.17. 
 
                                            
 
1
 The balanced flow rates of Cr2O3 and Al2O3 can be found in Appendix D and the water flow 
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Run 1A: Froth height 9 cm, Depressant 0, 100, 500 g/t
Run 1B: Froth height 9 cm, Depressant 0, 100, 500 g/t
Run 2A: Depressant 0 g/t, Froth height 3, 9, 12
Run 2B: Depressant 0 g/t, Froth height 3, 9, 12
Run 3A: Depressant 100 g/t, Froth height 3, 9, 12
Run 3B: Depressant 100 g/t, Froth height 3, 9, 12
Run 4A: Depressant 500 g/t, Froth height 3, 9, 12
Run 4B: Depressant 500 g/t, Froth height 3, 9, 12
 
Figure 4. 18: Cr2O3 versus water flow rate in all the runs 
 
If Cr2O3 was recovered solely by entrainment in the column tests, then Cr2O3 
recovery can be expected to be representative of the entrainment recovery of all 
other gangue minerals in the tests. This is in agreement with previous work on 
the entrainment of hydrophilic minerals (Savassi et al., 1998), which found 
entrainment to be non-selective (i.e. independent of mineral type). Therefore 
Cr2O3 can be used as a mineral tracer to evaluate entrainment. 
4.3.4.2 Calculation of entrainment (Savassi Method) 
 
Now that it has been confirmed that Cr2O3 recovery in all the tests is by 
entrainment only, it may be used as a tracer to establish the recovery of other 
solids by entrainment. The Savassi method will be used for this purpose. The 
following relationship, adapted from the work of Savassi (1998), is used to find 






=    (4. 5) 
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ωCr2O3, conc = concentration of the tracer (Cr2O3) in the concentrate (mass 
flow rate of Cr2O3 in the concentrate / mass flow rate of water in the 
concentrate) 
ωCr2O3, feed = concentration of the tracer (Cr2O3) in the feed (mass flow rate 
of tracer in the feed / mass flow rate of water in the feed) 
 
Assuming that the degree of entrainment of any other mineral which is in the pulp 
will be the same as that of Cr2O3, the relationship can be rearranged as follows, 











































=   (4. 6) 
 
where ENT = degree of entrainment of total solids based on the feed. 
mEntr = mass flow rate of total solids recovered by entrainment (in the 
concentrate) 
mSolids = mass flow rate of total solids in the feed 
 














=   (4. 7) 
 















=  (4. 8) 
 
It should be noted that calculating mEntr of SiO2 and MgO in this way may not be 
valid as these components derive from talc and orthopyroxene, respectively, 
which are known to be floatable. 
 
Table 4.8 shows the details of the calculations for Runs 1 to 4, i.e. how the mass 
flow rate of solids recovered by entrainment in each tests was calculated based 
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solids recovered by true flotation is also shown, calculated by difference between 
mConc and mEntr. 
 
It is apparent that while the degree of entrainment ENT changed within the same 
run it remained within the same range, with averages ranging from 1.26 to 2.65 
and with standard deviations of 0.06 to 0.13. These standard deviations would 
probably have been smaller if it had been possible to carry out more tests. It can 
also be seen that as the depressant dosage or the froth depth was increased, 
mEntr. decreased in all the tests. 
 
Table 4.8 also shows that the average degree of entrainment for Run 1B is 
higher than all the others. This may be due to the particle size in the feed, which 
was found to be small in this run (Figure 4.7). This is a further confirmation of the 
link between the feed characteristics and the flotation performance as explained 
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Figure 4.19 shows graphically how the mass recovered by true flotation is found 
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of solids recovered by entrainment, for Runs 1A and 1B, in which the depressant 
dosage was changed at constant froth height. 
 
 

































Run 1A: Froth Height 9 cm, Depressant 0, 100, 500 g/t
Run 1B: Froth height 9 cm, Depressant 0, 100, 500 g/t
Entrainment (Savassi Method)
 
Figure 4. 19: Total, entrained and true flotation flow rates for Run 1 (Savassi Method) 
 
Similarly, Figure 4.20 shows how these values re obtained in Runs 2 to 4 when 
the froth height was changed. The results are very similar to those found in 
section 4.3.3.1, using the UCT method. A more systematic comparison between 
the result obtained using the UCT and the Savassi methods will be performed in 
the next section. 
 



































Run 2A:Dep 0 g/t, Froth Height: 3, 9, 12 Run 2B: Dep 0 g/t, Froth Height: 3, 9, 12
Run 3A: Dep 100 g/t, Froth Height: 3, 9, 12 Run 3B: Dep 100 g/t, Froth Height: 3, 9, 12
Run 4A: Dep 500 g/t, Froth Height: 3, 9, 12 Run 4B: Dep 500 g/t, Froth Height: 3, 9, 12
Entrainment (Savassi  Method)
 





Entrained Solids (Savassi method) 
Total Solids 
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4.3.6 Comparison of the UCT and the Savassi Methods 
 
The aim of this section is to compare statistically the solids entrainment results 
calculated by the UCT and the Savassi methods. The data to be compared is the 
observed gradient of Savassi model derived from the Runs 1 to 4 with that 
predicted by the UCT data, i.e. all the values of mEntr and (mSolids/ mw)Feed*mw,Conc 
in Tables 4.5 and 4.7, and Table 4.8. 
 
As with any comparative statistics, the values of interest will be compared on the 
basis of their means and variances about their means (Napier-Munn, 2003). This 
comparison is important as it will allow not only the quantification of the accuracy 
of each of these techniques, but also the identification of any difference between 
them. 
 
MS Excel was used to obtain the descriptive statistics data for entrainment 
calculated according to the UCT and the Savassi methods. They are shown in 
Table 4.9; the full entrainment data can be found in sections 4.3.3.1 and 4.3.4.2 
above. Table 4.9 shows that the two entrainment measures are very close: the 
mean, the standard deviations and medians are not very different. The maximum 
value shows that the Savassi method provides a slightly higher flow rate than the 
UCT method. 
 
Table 4. 9: Statistical characteristics of the UCT and Savassi methods 
  Solids Entrainment 
Descriptive Statistics UCT Savassi 
Mean of Entrainment flow rate 51.55 56.12 
Standard Error of Entrainment flow rate 9.39 9.82 
Median 36.49 44.30 
Standard Deviation 46.03 48.10 
Sample Variance 2118.85 2313.55 
Minimum 2.76 5.81 
Maximum 145.28 168.22 
 
The regression analysis (using MS Excel) of the entrainment values obtained by 
the UCT method is shown in Table 4.10, where 
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 SS is the sum of squares 
 MS is the mean squares 
 F is MSregression/MSresidual 
 t-Stat is the t-statistic of the standard error. This value can be tested 
against a t-distribution to determine how probable it is that the true value 
of the coefficient is zero. 
P-value is the Probability that the variances MSregression and MSresidual are 
statistically indistinguishable. 
 
Table 4. 10: Regression analysis of entrainment data obtained using the UCT method 
 
 
Table 4.11 shows the same for the Savassi method. 
 






Figure 4.21 presents the data from UCT and Savassi entrainment calculations, 





















































Entrainment Savassi Method Entrainment UCT Method
Linear (Entrainment Savassi Method) Linear (Entrainment UCT Method)
 
Figure 4. 21: Solids mass flow rates recovered by entrainment using the UCT and 
Savassi regression lines 
From Tables 4.10 and 4.11 it can be seen that the linearity is not in question for 
either of the UCT and the Savassi methods, as the coefficients of correlation are 
equal and close to unity (1 and 0.95). A visual observation of the data in Figure 
4.21 is a further confirmation of the linear relationship between the mass flow rate 
of solids recovered by entrainment and the normalized water flow rate (X-axis). 
In order to see how close the UCT dataset is to the Savassi dataset, a 
comparison can be made between the observed gradient of the Savassi data and 







=    (4. 9) 
 
where SE is the standard error of Savassi gradient shown in Table 4.13 above. 
The SE of the UCT data is not included because it is close to nil; this can be seen 
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The probability P associated with this value is obtained from the Microsoft Excel 
function FDIST (t, df, tails), where: 
 
t   is the value for which the probability is required (Equation 4.9 above) 
df is the degree of freedom, which is equal to the number population in   
    the experimental data (Savassi data) minus 2 parameters, which gives  
    24 - 2 = 22. 
tails indicates whether the probability returns one or two-tailed distribution. 
One (1) is used for a one-tailed distribution and two (2) for a two-tailed   
      distribution. Since a 2-tailed distribution is considered, 2 will be used. 
 
This gives P=TDIST (0.37, 22, 2) = 0.71. This value is not significant at the 95% 
confidence level. Thus it can be concluded that the Savassi data produced a 
gradient that is not different from that predicted by the UCT model. 
 
4.3.7 Effect of depressant dosage on froth recovery of gangue 
minerals 
 
The aim of this thesis is to gain an insight into how the properties of particles 
entering the froth affect the performance of the froth phase. In platinum ore 
flotation, gangue minerals are known to have a stabilizing effect on the froth 
phase (Martinovic et al., 2005); in this thesis, their hydrophobicity was changed 
by the addition of depressant and the performance of the froth phase was 
measured in terms of froth recovery. 
 
In order to calculate the froth recovery of the gangue minerals, their recovery by 
true flotation had first to be determined. For this, data presented in Table 4.8 and 
Appendix F were used. A sample calculation of the gangue recovery by true 
flotation is shown below for Test 1 of Run 1A: 
Table 4. 12: Flotation data of Test 1 Run 1A: 0 g/t Depressant, 9 cm Froth Height 
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where mTrue is the mass flow rate of solids recovered by true flotation (see Table 
10) 
           mSolids, Feed is the mass flow rate of solids in the feed (see Appendix F). 
 















*100R   (4. 10) 
     = 100*(18.34/644.62) = 2.85 % 
 
Table 4.13 presents the mass flow rates of solids in the feed and the mass flow 
rates of solids recovered by true flotation for all the tests. The calculated values 
of gangue recovery by true flotation are also listed for all the tests. It can be seen 
that for Runs 1, 2 and 3, the gangue recoveries by true flotation decreased as the 
depressant dosage or froth height increased. However, for Runs 4A and 1B, the 
gangue recoveries by true flotation did not follow quite the same trend; this 
shows that the froth was highly unstable at 500 g/t of depressant. It is interesting 
to note that the gangue recoveries by true flotation were as high as 10 % in the 
absence of depressant, dropping to less than 1% at 500 g/t, indicating the 
efficacy of the depressant addition. 
 
Having determined the gangue recovery by true flotation in each test, the froth 
recovery of gangue min rals in each test can be calculated according to a 
modification of the froth varying technique (Vera et al., 1999b). The following 
steps were followed: 
 
1. Plot the gangue (solids) recoveries against froth height1. Extrapolate the 
line to froth height = 0; the intercept gives the collection zone recovery (Rc, 
Solids) (see Figure 20). The total recovery (RSolids, True ) of the column is 








=   (4. 11) 
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2. Solve for Rf, Solids 
 
Figure 4.22 shows the gangue recoveries by true flotation plotted against the 
froth heights for Runs 2, 3 and 4. No values are plotted for Runs 1A and 1B, 
because these tests were performed at constant froth height. Except for Run 4B, 
there is a linear relationship between the gangue recovery by true flotation and 
the froth height, at all the depressant dosages tested. 
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NB:  * froth recovery was not calculated Runs 1A and B because froth height was constant. 
       ** froth recoveries were not calculated because the froth was unstable, which led to Rf > 100  
           % in some of the tests. 
 
In Runs 4A and Run 4B the coefficients of correlation are small, showing that the 
froth was unstable. The high depressant dosage (500 g/t) used in these runs was 
believed to be the reason for this. 
 





























































Run 2A: Depressant dosage 0 g/t Run 2B: Depressant dosage 0 g/t
Run 3A: Depressant dosage 100 g/t Run 3B: Depressant dosage 100 g/t
Run 4A: Depressant dosage 500 g/t Run 4B: Depressant dosage 500 g/t
 
Figure 4. 22: Gangue recovery vs. froth height by true flotation (Runs 2, 3 and 4) 
 
For all the Runs, the collection zone recoveries (Y-axis intercepts in Figure 4.22) 
were low (less than 15%). This is in agreement with the fact that the feed used in 
these tests was the concentrate from the primary cleaner second stage, which 
had lost some of the floatable gangue minerals in the plant feed. As the 
depressant dosage increased, the collection zone recoveries decreased 
appreciably. At 0 g/t of depressant, the collection zone recoveries were 12.64 
and 8.39 %; these values decreased to 5.27 and 4.70 % at 100 g/t depressant, 
and to 1.13 and 0.47 % at 500 g/t, showing again the impact of the depressant 
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Having found the collection zone recovery of gangue minerals, Equation 4.11 
was used to estimate the froth recoveries in each test. A sample calculation is 
shown below for Test 7 of Run 2A: 
Table 4. 14: Flotation data of Test 7 Run 2A: 0 g/t Depressant, 3 cm Froth Height 
Rc, Solids [%] RSolids, True [%] 
12.64 11.69 
 
where RC, Solids is the collection zone recovery of the gangue minerals (see Figure 
4.22) 
RSolids, True is the gangue recovery by true flotation (see Table 4.8: recovery 









which gives Rf, Solids = 91.49 %. The calculated values of froth recovery of gangue 
minerals are listed in Table 4.13 for all the tests. 
 
Figure 4.23 summarizes the relationship between the froth recovery of gangue 
minerals and the froth height at 0, 100 g/t of depressant (Runs 2A and B, 3A and 
B). The froth recoveries for tests operated at 500 g/t (Runs 4A and B) are not 
shown, because the froth was very unstable. It is apparent that the froth recovery 
of the floatable gangue minerals decreased approximately linearly with froth 
height irrespective of the depressant dosage used. Froth recoveries were very 
high in the absence of depressant, indicating that any floatable gangue entering 
the froth stood a very good chance of being recovered in the concentrate. Froth 
recovery then decreased as the depressant dosage increased (100 g/t). The 
lowest froth recovery was observed for the tests operated at 100 g/t of 
depressant. It can also be seen that the increase in froth height (3 to 9 cm) 
caused a greater drop in froth recovery of gangue at 100 g/t depressant than in 
the absence of depressant. Figure 4.23 shows that increasing the depressant 
dosage had a greater effect at 12 cm froth height. This result suggests that the 
combination of the depressant dosage and the froth height was effective in 























































Run 2A: Depressant dosage 0 g/t Run 2B: Depressant dosage 0 g/t
Run 3A: Depressant dosage 100 g/t Run 3B: Depressant dosage 100 g/t
 
Figure 4. 23: Effect of froth height on froth recovery of gangue minerals (Runs 2 and 3) 
 
4.3.7 Effect of depressant dosage on froth recovery of PGM 
 
The same procedure as used above may be used to examine the effect of 
depressant dosage on the froth performance of the PGMs. 
 
The first step is to evaluate the recovery of PGMs by entrainment. The 
entrainment factors calculated in section 4.3.4.2 will be used for this purpose. 
The estimation of PGM recovery by entrainment is required, because the 
calculation of the froth recovery requires the knowledge of the separate amount 
of PGMs recovered by true flotation and entrainment. A sample calculation of the 
mass flow rates of PGM recovered by true flotation and entrainment is shown 
below for Test 1 of Run 1A (data in Table 4.8 and Appendix F): 
 
Table 4. 15: PGM flotation data of Test 1 Run 1A: 0 g/t Depressant, 9 cm Froth Height 
mPGM, Feed [g/min] mw, Feed [g/min] mw, Conc [g/min] mPGM, Conc [g/min] 
0.04866 1332.02 202.97 0.01565 
 
where mPGM, Feed is the mass flow rate of PGM in the feed. 
 mPGM, Conc is the mass flow rate of PGM in the concentrate. 
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 mw, Conc is the mass flow rate of water in the concentrate. 
 














The degree of entrainment is 
 
ENT = 1.71 (refer to Table 4.8) 
 













=   (4. 12) 
    min/g01270.0min/g00741.0*71.1 ==  
 
The mass flow rate of PGMs recovered by true flotation is calculated using the 
following formula 
Entr,PGMConc,PGMTrue,PGM mmm −=   (4. 13) 
       g/min0.029501270.0-01652.0 ==  















*100R   (4. 14) 
 













*100R Entr,PGM  
 =26.10 % 
 
Table 4.16 presents the PGM recoveries by entrainment for all the tests. It can be 
seen that PGM recoveries by entrainment are quite high at low depressant 
dosage. For instance at 0 g/t of depressant, the recoveries by entrainment are 
26.10 and 12.90 %, respectively, for Runs 1A and 1B (tests performed at 
constant froth height of 9 cm), which represent 81.16 and 51.42 % of the total 
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be associated with high froth stability, which results in high recovery by 
entrainment. As the depressant dosage increases in Runs 1A and B, PGM 
recovery by entrainment decreases. 
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The runs performed at constant depressant dosage and varying froth heights 
(Runs 2, 3 and 4) show the same trend: As the depressant dosage increases, 
PGM recovery by entrainment decreases. It is interesting to note that for all the 
tests operated at 500 g/t of depressant, the PGM recoveries by entrainment are 
very low, irrespective of froth height. 
 
The recovery of the PGM by true flotation is based on the total PGM recovery 
and the recovery of PGM by entrainment. A sample calculation of PGM recovery 
by true flotation is shown below for Test 1 of Run 1A: 
Table 4. 17: Flotation data of Test 1 Run 1A: 0 g/t Depressant, 9 cm Froth Height 

















*100R   (4. 15) 
where RPGM, Total is the total PGM recovery and is equal to 32.15 % 
 
The PGM recovery by true flotation is calculated using the following formula 
 
Entr,PGMTotal,PGMTrue,PGM RRR −=   (4. 16) 
    %06.610.26-15.32 ==  
 
The recoveries of PGM by true flotation for all the runs are also shown in Table 
4.16. Several trends can be observed. For the runs operated at constant froth 
height (Runs 1A and 1B) more PGM were recovered by true flotation when the 
depressant dosage increases. This was not expected: perhaps, as the 
depressant dosage increases, more PGM particles became available in the froth, 
due to the fact that gangue minerals were depressed, which led to the increase in 
PGM recovery by true flotation. For the runs operated in the absence of 
depressant (Runs 2A and 2B), PGM recoveries by true flotation remained fairly 
constant, indicating that the froth was stable even at a froth height of 12 cm. 
 
For the other runs (Runs 3 and 4), the recovery of PGM by true flotation 
decreased as the froth height increased. This indicates that the froth was 
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and drainage occurred as the froth height increased, resulting in losses in PGM 
recovery. 
 
Having estimated the recovery of PGM by entrainment and true flotation, the 
effect of depressant dosage on the froth recovery of PGM can now be calculated. 
For this purpose, the same procedure is used as described in section 4.3.6 for 
naturally floatable gangue minerals. In Figure 4.24 the PGM recoveries are 
plotted against the froth heights for Runs 2, 3 and 4. In each case there is a 
linear relationship between the PGM recoveries and the froth heights, at all the 
depressant dosages tested. The coefficients of correlation and the equations of 
the correlation are shown in Table 4.18. The linear relationship between PGM 
recovery and the froth height is further confirmed by the coefficients of correlation 
which are close to 1 for all the runs. 
 
Table 4. 18: Linear correlation parameters of PGM recoveries vs. froth height 
Run Equations Coefficients of correlation 
2A: 0 g/t depressant y = -0.09x + 20.91 R2 = 0.65 
2B: 0 g/t depressant y = -0.22x + 22.35 R2 = 0.94 
3A: 100 g/t depressant y = -0.85x + 21.49 R2 = 0.92 
3B: 100 g/t depressant y = -0.88x + 22.58 R2 = 1.00 
4A: 500 g/t depressant y = -2.30x + 59.43 R2 = 1.00 



































2A: Depressant dosage 0 g/t 2B: Depressant dosage 0 g/t
3A: Depressant dosage 100 g/t 3B: Depressant dosage 100 g/t
4A: Depressant dosage 500 g/t 4B: Depressant dosage 500 g/t
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The overall trends are similar to those observed for the naturally floatable gangue 
minerals (Figure 4.22). However, there are some notable differences. The 
recoveries of gangue minerals are markedly lower than those of the PGM, even 
at 500 g/t depressant dosage and 3 cm froth height. The recoveries are around 
20 % for the PGMs and only around 8 to 12 % for the gangue minerals at 0 g/t 
depressant. As the depressant dosage and froth height increased to 100 g/t 
depressant and 9 cm respectively, the recoveries of PGM are around 12 % and < 
2% for the gangue minerals. At 500 g/t depressant dosage, the gangue 
recoveries are even lower (≈ 1 %), but the PGM recoveries are unexpectedly 
high, going from around 25 % at 3 cm froth height to around 45 % at 12 cm froth 
height. This increase in PGM recoveries is believed to be the result of the 
increase in PGM grade in the feed (refer to Table 21 below). 
 
Equation 4.16 which is similar to Equation 4.11 is used to find the froth recoveries 
of PGM in all the tests. As with the gangue minerals, the intercepts of the straight 








=    (4. 17) 
 
Table 4.19 presents the PGM recoveries by true flotation (RPGM, True), the 
collection zone (RC, PGM) and froth zone (Rf, PGM) recoveries, as well as the feed 
and concentrate PGM grades for Runs 2, 3 and 4. Within the same run (i.e. same 
depressant dosage) the froth recovery follows the overall recovery trend and 
decreased as the froth height increases. As would be expected, the grades 
increase as the froth height increases for all the runs except for Run 4 
corresponding to 500 g/t of depressant. In Runs 4A and 4B, the PGM grade in 
the concentrate was very high at 3 and 9 cm froth height, but dropped with a 
further increase in the froth height (to 12 cm). This behaviour can be explained by 
the fact that the froth phase was already unstable in Run 4A and 4B at 9 cm froth 
height, so an increase in froth height (to 12 cm) would have caused a further 
destabilization of the froth phase resulting in the drop in grade. It can also be 










CHAPTER FOUR: COLUMN FLOTATION TESTS AT K3 FLOTATION PLANT (LONMIN PLC) 
_____________________________________________________________________________ 
123 
highest where the feed grades are highest. Napier-Munn (1998) observed the 
same behaviour on a copper-gold flotation plant. 















2A 3 72.21 94.00 20.51 20.91 97.58 
0 g/t depressant 9 88.51 129.05 20.41 20.91 97.03 
  12 86.47 133.94 19.54 20.91 91.84 
2B 3 63.48 89.94 21.59 22.35 95.64 
0 g/t depressant 9 65.49 94.62 20.64 22.35 90.35 
  12 65.78 96.50 19.49 22.35 84.09 
3A 3 64.29 129.70 18.49 21.49 78.57 
100 g/t depressant 9 63.85 145.10 15.15 21.49 54.60 
  12 63.86 172.13 10.38 21.49 32.71 
3B 3 64.88 127.47 19.93 22.58 81.25 
100 g/t depressant 9 63.53 131.22 14.64 22.58 54.69 
  12 64.51 161.35 11.97 22.58 38.81 
4A 3 94.38 1466.17 52.48 59.43 68.68 
500 g/t depressant 9 95.72 1483.47 38.87 59.43 35.09 
  12 79.84 999.42 31.75 59.43 23.49 
4B 3 108.39 1344.40 42.06 49.15 73.42 
500 g/t depressant  9 115.36 1238.84 30.54 49.15 49.59 
  12 111.72 1086.99 21.70 49.15 28.52 
 
Figure 4.25 summarizes the relationship between froth recovery and froth height 
at 0, 100 and 500 g/t of depressant (Runs 2A and B, 3A and B, 4A and B). It is 
obvious that the froth recovery decreases approximately linearly with froth height 
irrespective of the depressant dosage used. It can also be seen that froth 
recovery dropped mostly sharply at high depressant dosage. 
 
At a froth height of 3 cm the froth recovery dropped from 90 % to 70 % as the 
depressant dosage was increased from 0 to 500 g/t of depressant; at 9 cm froth 
height, the froth recovery decreased from 80 to around 40 %; and at 12 cm the 





















































Run 2A: Depressant dosage 0 g/t Run 2B: Depressant dosage 0 g/t
Run 3A: Depressant dosage 100 g/t Run 3B: Depressant Dosage 100 g/t
Run 4A: Depressant dosage 500 g/t Run 4B: Depressant dosage 500 g/t
 
Figure 4. 25: Effect of froth height on froth recovery of PGMs (Runs 2 to 4) 
 
The result shown above may be used to interpret the results of the tests operated 
at three depressant dosages and a constant froth height of 9 cm (Runs 1A and 
1B). Figure 4.26 shows the effect of depressant dosage on PGM grade for these 
two runs. As can be seen, the grade of PGM increased to 1050 and 882.90 g/t at 
500 g/t of depressant dosage. This corresponds to the removal of floatable 
gangue from the froth, which is supported by the sharp decrease in the mass flow 
rates of solids upon addition of depressant (see section 4.3.2). It is believed that 
high depressant dosage caused the boundaries between bubbles in the froth to 
be thinned, and the bubbles to coalesce. This would cause drainage of dense 


































Run 1A: Froth Height 9cm Run 1B: Froth Height 9cm
 
Figure 4. 26: Effect of depressant dosage on PGM grade (Runs 1A and 1B) 
 
The effect of depressant dosage on total PGM recovery is shown in Figure 4.27 
for Runs 1A and 1B. It can be seen that in Run 1B the recovery decreased from 0 
to 100 g/t of depressant, but then remained constant. In Run 1A, the PGM 
recovery increased slightly as the depressant dosage increased from 0 to 100 
and 500 g/t. This result shows that on average there was no significant loss in 
PGM recovery despite an increase in grade, which usually implies loss in 
recovery. The PGM recoveries are believed to be the result of the low air rate1, at 
which all the tests were operated. Low to moderate air rate is known to generate 
high bubble loading, which is indicative of a more selective separation. High 
bubble loading promoted a more stable froth. It appears that this was sufficient to 
counteract the destabilizing effect of increasing depressant dosage. This is 
consistent with work by previous workers (Barbian et al., 2005). 
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Run 1A: Froth Height 9 cm Run 1B:  Froth Height 9 cm
 
Figure 4. 27: Effect of depressant dosage on PGM recovery (Runs 1A and 1B) 
 
4.4 SUMMARY OF THE SITE WORK 
 
This Chapter had two main objectives: firstly, to determine separately the 
recovery of minerals by true flotation and entrainment and, secondly, to evaluate 
the effect of depressant dosage on froth performance. The column cell was used 
in the final cleaning application of the UG2 ore (K3 flotation plant / Lonmin). 
These objectives had been met. 
 
While providing an opportunity to work with a reasonable solids percentage, the 
site tests brought the inconvenience of having very little control over the feed 
material. This was in terms of feed variability as well as dosages of reagent, 
which were added upstream of the column operation. 
 
Nevertheless, the UCT method was used successfully to predict separately the 
amount of gangue recovered by true flotation and entrainment. Furthermore, 
Cr2O3 was used as a tracer to evaluate entrainment in the UG2 Platinum ore, 
which allowed the accuracy of the UCT method in predicting entrainment 
recovery (and hence true flotation) to be confirmed. 
 
The froth varying technique was used to evaluate the effect of depressant 
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linear relationship between the froth recoveries and the froth height for both 
gangue minerals and PGM, which is in agreement with previous work on froth 
recovery. However true recoveries of gangue decreased, while recoveries of 













CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS 
5.1 CONCLUSION 
 
This project has investigated the effect of depressant dosage on flotation 
performance, as measured by recovery, grade and froth recovery of naturally 
floatable gangue and PGM. This was done using a continuously-operated 
column flotation cell. The purpose of the current study was: 
1. To develop a test procedure to study the interaction between the pulp and 
froth phases. 
2. To see whether or not the “UCT method” can be implemented on a 
continuously-run column cell. The UCT method was initially developed on 
laboratory batch flotation cells to find separately the amount of gangue 
recovered by true flotation and entrainment. 
3. To gain insight into how the properties of the solids in the pulp phase (as 
modified by depressant addition) affect the froth performance. 
In laboratory tests, an experimental procedure was developed which allows the 
study of the interaction between the froth and the pulp phases. In this procedure, 
the column is run continuously while changing the flotation conditions. This 
procedure allows the study of the effect of any flotation parameter (e.g. collector 
type and dosage, depressant type, feed size...) on flotation performance. Work 
done in the laboratory and on site showed that the UCT method can be used on 
a continuously run column flotation cell. 
 
The site tests were carried out to investigate the effect of depressant dosage on 
the froth performance in the flotation of PGM. The UCT method was used to 
predict recovery by entrainment. A second technique using Cr2O3 as a tracer was 
employed to assess the accuracy of the UCT entrainment predictions. The 
results obtained confirmed those the entrainment predictions of the UCT method 










CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS 
________________________________________________________________ 
129 
 as, previously, the UCT method had not been applied on a continuously-run 
column flotation cell. 
 
One of the more significant findings to emerge from this study is that froth 
recovery of both gangue minerals and PGMs is linearly proportional to froth 
height. This was consistent with findings by previous workers (Vera et al., 2002), 
who observed a linear relationship between the overall rate constant and the 
froth height. Froth zone recovery Rf was found to be strongly linked to particle 
properties entering the froth: when the depressant dosage was increased, froth 
recoveries of both gangue minerals and PGM were affected negatively. This 
confirms work by previous researchers that particle properties (depressant) 
critically affect froth stability, which was found to be proportional to floatable 
solids content in the froth phase. 
 
In froth flotation, an increase in grade is generally known to result in loss in 
recovery. This project showed that working at moderate air rate resulted in very 
high PGMs grade, while avoiding a loss in recovery. A possible reason for this is 
the low air flow rates employed in these tests, because of the phenomenon of 
pulp/froth interface vanishing, as described in section 3.1 above. This result is 
useful and should be investigated further in future tests. 
 
This project also showed that as the PGM feed grade increased (due to plant 
variability), the grade increased proportionally, suggesting a correlation between 
the feed characteristics and the flotation performance. This is in agreement with 
previous work (Napier-Munn, 1995). 
 
An important outcome of this project is the remarkable difference in the 
recoveries of the gangue minerals and the PGMs, at the different conditions 
studied. The combined effect of increasing the depressant dosage and the froth 
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the PGM recoveries remained high, even at 500 g/t depressant dosage and 12 
cm froth height. 
 
5.2 RECOMMENDATIONS AND LIMITATIONS 
 
1. Build a smaller column to allow test work to be done in the laboratory at 
various conditions. It was found that while site tests were good for an 
unrestricted access to pulp, this came with a price: the scope for investigating 
a wide range of parameters was very limited. For instance, frother could not 
be added to the feed, because there was already too much in the circuit. In 
addition, the exact dosage used on site could not be accounted for 
accurately. This was also true for other reagents such as the collector and the 
depressant. A smaller column flotation cell will also requires less ore per test, 
allowing more test work to be done. 
2.  Due to higher frother content in the pulp, the tests performed on site were 
done at low superficial gas rate. The volumetric air rate used was determined 
by visual observation of the pulp interface froth / interface. This lacked 
accuracy. It is recommended that in future tests, the column flotation cell be 
fitted with a device (e.g. pressure gauge) to allow the determination of the 
working range of the superficial gas rate. 
3. Site tests could have provided more insight if they were performed at different 
solids percentage. Entrainment has been found to depend strongly on pulp 
dilution (Lynch et al., 1981). Therefore it is recommended that in future work 
the solids percentage be considered as an important parameter. 
4. During site tests, it was noted that, as the level of the pulp decreased in the 
feed tank, the mixing deteriorated. This translated into a decrease to the feed 
solids percentage in the column cell even within the same run. It is 
recommended that improving mixing characteristics of the feed tank be 
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Run A: Frother Dosage 5 ppm 
 
Test 1 (Run A): Depressant dosage 0 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 16.69 27.81 0.49 0.08 67.08 0.45 0.07 32.68 1.54 0.26 47.13 
C2 18.75 27.75 0.46 0.09 69.85 0.54 0.10 35.31 1.81 0.34 48.36 
C3 20.89 29.09 0.47 0.10 71.05 0.54 0.11 38.52 1.92 0.40 52.99 
C4 20.45 29.62 0.50 0.10 72.76 0.56 0.11 42.34 1.94 0.40 55.38 
C5 10.62 16.16 0.69 0.07 65.53 0.75 0.08 56.18 2.86 0.30 48.16 
C6 9.37 17.49 1.24 0.12 75.02 1.17 0.11 39.19 5.40 0.51 60.82 
F1 194.37 3378.73 0.09 0.17               
F2 183.52 3332.07 0.09 0.16               
T1 157.53 3227.97 0.04 0.04   0.10 0.15   0.18 0.29   
T2 194.83 3520.45 0.03 0.04   0.09 0.18   0.19 0.36   
T3 177.01 3206.59 0.03 0.04   0.10 0.18   0.20 0.36   
T4 162.27 3003.81 0.03 0.04   0.10 0.16   0.20 0.32   
T5 161.92 2949.79 0.03 0.04   0.04 0.06   0.20 0.33   
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Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 10.55 20.96 1.23 0.13 65.32 1.41 0.15 45.94 5.02 0.53 62.19 
C2 9.83 20.46 1.18 0.12 64.06 1.41 0.14 44.71 5.18 0.51 62.07 
C3 9.66 19.38 1.12 0.11 62.58 1.41 0.14 45.15 4.97 0.48 63.27 
C4 10.02 20.39 1.17 0.12 62.51 1.36 0.14 44.33 4.80 0.48 61.75 
C5 8.89 18.35 0.95 0.08 57.35 1.31 0.12 42.58 4.94 0.44 60.37 
T1 180.44 3046.16 0.04 0.07   0.11 0.20   0.21 0.38   
T2 175.04 2954.53 0.04 0.07   0.10 0.17   0.18 0.32   
T3 179.85 2986.19 0.04 0.07   0.10 0.17   0.17 0.31   
T4 169.85 2805.92 0.04 0.06   0.10 0.17   0.16 0.28   
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Test 3 (Run A): Depressant dosage 300 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 5.01 11.74 1.78 0.09 63.40 1.68 0.08 40.25 6.46 0.32 61.55 
C2 5.66 11.91 1.76 0.10 67.40 2.66 0.15 55.98 7.93 0.45 68.57 
C3 5.36 12.49 1.87 0.10 66.60 2.86 0.15 54.28 8.60 0.46 68.50 
C4 5.72 10.93 1.87 0.11 70.35 3.07 0.18 56.07 10.70 0.61 71.44 
C5 4.58 10.58 1.76 0.08 63.60 3.40 0.16 52.57 10.90 0.50 66.33 
T1 128.71 2547.08 0.04 0.05   0.10 0.12   0.16 0.20   
T2 127.68 2511.91 0.04 0.05   0.09 0.12   0.16 0.21   
T3 123.96 2541.61 0.04 0.05   0.10 0.13   0.17 0.21   
T4 121.12 2485.40 0.04 0.05   0.11 0.14   0.20 0.24   
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Run B: Frother Dosage 16 ppm 
 
Test 1 (Run B): Depressant dosage 0 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 29.69 43.98 0.45 0.13 64.05 0.40 0.12 34.67 1.50 0.45 52.90 
C2 30.66 43.27 0.46 0.14 62.47 0.43 0.13 32.29 1.68 0.52 48.14 
C3 35.45 44.48 0.44 0.16 64.19 0.49 0.17 38.62 1.80 0.64 52.93 
C4 36.41 45.01 0.46 0.17 65.77 0.50 0.18 39.47 1.88 0.68 55.48 
C5 18.86 29.36 0.47 0.09 50.60 0.46 0.09 23.76 1.89 0.36 40.18 
                       
                       
F1 332.63 3705.63 0.07 0.25   0.12 0.40   0.00 0.00   
F2 361.27 3554.39 0.08 0.28   0.13 0.46     0.00   
T1 250.96 3380.36 0.03 0.08   0.09 0.22   0.16 0.40   
T2 299.91 3630.43 0.03 0.09   0.09 0.27   0.19 0.55   
T3 297.09 3569.60 0.03 0.09   0.09 0.27   0.19 0.57   
T4 293.71 3612.39 0.03 0.09   0.09 0.28   0.19 0.55   
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Test 2 (Run B): Depressant dosage 100 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 19.42 26.21 0.89 0.17 65.34 0.98 0.19 39.45 4.44 0.86 62.49 
C2 15.93 24.33 1.01 0.16 65.48 1.14 0.18 37.87 5.11 0.81 58.46 
C3 15.18 23.26 0.92 0.14 61.52 1.57 0.24 44.09 5.41 0.82 58.24 
C4 18.87 26.86 0.91 0.17 67.02 1.43 0.27 45.02 4.93 0.93 61.13 
C5 16.46 24.81 0.88 0.14 62.30 0.96 0.16 33.64 4.17 0.69 56.81 
                       
                       
F1                       
F2                       
T1 315.55 3557.21 0.03 0.09   0.09 0.29   0.16 0.52   
T2 316.08 3548.01 0.03 0.08   0.09 0.30   0.18 0.58   
T3 311.48 3530.56 0.03 0.09   0.10 0.30   0.19 0.59   
T4 309.63 3557.43 0.03 0.08   0.11 0.33   0.19 0.59   
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Test 3 (Run B): Depressant dosage 300 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 12.03 20.44 1.11 0.13 59.44 1.22 0.15 34.24 5.09 0.61 56.28 
C2 11.10 23.24 1.29 0.14 61.74 1.12 0.12 32.77 5.60 0.62 60.85 
C3 13.96 27.44 1.30 0.18 69.80 1.56 0.22 47.90 6.04 0.84 69.70 
C4 11.69 24.00 1.45 0.17 69.75 1.59 0.19 45.55 6.60 0.77 69.69 
C5 10.79 21.44 1.46 0.16 68.40 1.94 0.21 49.22 7.03 0.76 69.96 
                       
                       
F1                       
F2                       
T1 306.81 3486.67 0.03 0.09   0.09 0.28   0.16 0.48   
T2 300.61 3381.97 0.03 0.09   0.08 0.26   0.13 0.40   
T3 281.97 3288.33 0.03 0.08   0.08 0.24   0.13 0.37   
T4 268.47 3154.16 0.03 0.07   0.08 0.22   0.13 0.34   
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Test 4 (Run B): Depressant dosage 500 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 7.60 16.30 1.84 0.14 67.61 2.00 0.15 41.91 10.01 0.76 78.96 
C2 6.88 15.18 2.15 0.15 70.02 2.31 0.16 43.35 11.40 0.78 82.45 
C3 9.15 15.00 1.74 0.16 72.30 2.51 0.23 53.24 10.90 1.00 84.45 
C4 5.57 12.45 2.49 0.14 69.44 2.16 0.12 36.48 12.20 0.68 75.24 
C5 6.82 14.95 3.02 0.21 80.92 2.25 0.15 48.95 12.20 0.83 84.13 
                       
                       
F1                       
F2                       
T1 259.56 3069.03 0.03 0.07   0.08 0.21   0.08 0.20   
T2 243.71 2988.19 0.03 0.06   0.09 0.21   0.07 0.17   
T3 255.12 3066.47 0.02 0.06   0.08 0.20   0.07 0.18   
T4 256.20 3039.08 0.02 0.06   0.08 0.21   0.09 0.22   
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Run C: Frother Dosage 20 ppm 
 




Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 32.00 47.00 0.50 0.16 62.45 0.42 0.14 33.68       
C2 32.86 47.50 0.50 0.16 63.93 0.44 0.14 33.61       
C3 31.95 46.84 0.51 0.16 62.63 0.45 0.15 33.74       
C4 32.53 48.05 0.49 0.16 62.21 0.45 0.15 33.22       
C5 30.42 47.52 0.56 0.17 62.01 0.50 0.15 31.99       
                        
                       
F1 513.08 5680.40 0.03 0.16   0.12 0.61         
F2 573.28 5652.36 0.03 0.17   0.13 0.73         
T1 301.54 3721.34 0.03 0.10   0.09 0.27         
T2 309.44 3697.26 0.03 0.09   0.09 0.28         
T3 310.16 3710.48 0.03 0.10   0.09 0.29         
T4 312.24 3736.48 0.03 0.10   0.09 0.30         
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Test 2 (Run C): Depressant dosage 100 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 16.40 31.52 0.88 0.14 57.23 0.87 0.14 30.19       
C2 16.89 34.92 0.88 0.15 60.11 0.87 0.15 32.02       
C3 14.96 31.10 1.06 0.16 62.93 0.87 0.13 30.28       
C4 15.76 35.83 0.98 0.15 62.47 0.90 0.14 33.81       
C5 16.00 37.23 1.09 0.17 65.38 1.14 0.18 38.22       
                        
                        
F1                       
F2                       
T1 336.72 3889.78 0.03 0.11   0.10 0.33         
T2 339.80 3879.52 0.03 0.10   0.09 0.31         
T3 320.66 3676.90 0.03 0.09   0.09 0.30         
T4 313.28 3680.22 0.03 0.09   0.09 0.28         
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Test 3 (Run C): Depressant dosage 300 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 6.00 20.00 1.01 0.06 69.16 0.94 0.06 17.92       
C2 5.50 20.00 0.96 0.05 68.14 0.90 0.05 16.65       
C3 5.00 22.00 1.22 0.06 69.97 0.97 0.05 16.12       
C4 6.00 21.00 0.98 0.06 68.60 1.02 0.06 19.07       
C5 6.00 19.00 0.95 0.06 68.47 1.03 0.06 19.56       
                        
                        
F1                       
F2                       
T1 283.70 3346.86 0.03 0.03   0.09 0.26         
T2 292.62 3406.90 0.03 0.02   0.08 0.25         
T3 287.60 3304.48 0.03 0.03   0.09 0.25         
T4 288.32 3326.38 0.03 0.03   0.09 0.26         
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Test 4 (Run C): Depressant dosage 500 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 5.00 15.00 1.15 0.06 68.52 1.15 0.06 38.53       
C2 4.30 14.00 1.19 0.05 65.25 1.19 0.05 35.84       
C3 4.60 15.00 1.45 0.07 71.76 1.47 0.07 43.07       
C4 4.30 16.00 1.35 0.06 68.06 1.70 0.07 46.05       
C5 4.50 15.00 1.45 0.07 71.17 1.84 0.08 48.80       
                       
                       
F1                       
F2                       
T1 289.04 3306.32 0.03 0.03   0.08 0.09         
T2 300.40 3383.36 0.03 0.03   0.09 0.09         
T3 418.24 3265.68 0.02 0.03   0.08 0.09         
T4 265.88 3296.66 0.02 0.03   0.08 0.09         
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Run C: Frother Dosage 25 ppm 
 
Test 1 (Run D): Depressant dosage 0 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 37.69 68.28 0.37 0.14 65.23 0.28 0.10 33.48 0.88 0.33 57.37 
C2 37.22 67.42 0.38 0.14 57.36 0.30 0.11 28.95 0.84 0.31 52.65 
C3 38.71 68.88 0.40 0.15 63.44 0.34 0.13 35.18 0.77 0.30 48.67 
C4 37.92 68.16 0.40 0.15 60.50 0.39 0.15 35.43 0.97 0.37 56.51 
C5 38.45 69.22 0.40 0.15 61.13 0.39 0.15 37.30 1.08 0.42 60.43 
                       
                       
F1 156.96 3193.50 0.09 0.13   0.13 0.20   0.00 0.00   
F2 261.00 3029.31 0.07 0.18   0.11 0.28     0.00   
T1 248.85 3285.00 0.03 0.08   0.08 0.21   0.10 0.25   
T2 309.33 2722.83 0.03 0.11   0.09 0.27   0.09 0.28   
T3 295.83 2925.96 0.03 0.09   0.08 0.24   0.11 0.31   
T4 304.74 2800.20 0.03 0.10   0.09 0.27   0.09 0.28   
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Test 2 (Run D): Depressant dosage 100 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 22.51 52.94 0.67 0.15 59.62 0.66 0.15 33.17 2.04 0.46 64.29 
C2 21.51 51.98 0.71 0.15 63.70 0.70 0.15 36.01 2.60 0.56 61.87 
C3 21.09 52.27 0.74 0.16 61.36 0.74 0.16 36.57 2.65 0.56 70.33 
C4 21.21 51.93 0.71 0.15 58.95 0.75 0.16 35.65 2.39 0.51 66.76 
C5 20.83 52.40 0.74 0.15 62.84 0.75 0.16 37.55 2.61 0.54 70.91 
                        
                        
F1                       
F2                       
T1 316.89 3685.89 0.03 0.10   0.09 0.30   0.08 0.26   
T2 304.98 3523.26 0.03 0.09   0.09 0.27   0.11 0.34   
T3 283.77 3329.40 0.03 0.10   0.09 0.27   0.08 0.24   
T4 319.44 3787.56 0.03 0.10   0.09 0.29   0.08 0.25   
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Test 3 (Run D): Depressant dosage 300 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 17.81 40.00 0.71 0.13 61.53 0.70 0.13 33.01 2.21 0.39 67.76 
C2 18.64 43.00 0.68 0.13 61.38 0.81 0.15 38.87 2.79 0.52 67.79 
C3 18.62 39.00 0.65 0.12 62.39 0.81 0.15 40.19 2.90 0.54 74.02 
C4 19.42 42.00 0.63 0.12 63.86 0.88 0.17 44.31 2.76 0.54 75.89 
C5 19.46 41.00 0.62 0.12 65.01 0.85 0.16 44.25 2.78 0.54 74.67 
                    
                    
F1                    
F2                    
T1 264.12 3248.37 0.03 0.08   0.10 0.25   0.07 0.19   
T2 269.43 3185.67 0.03 0.08   0.09 0.24   0.09 0.25   
T3 263.31 3015.69 0.03 0.07   0.09 0.22   0.07 0.19   
T4 254.55 2935.92 0.03 0.07   0.08 0.21   0.07 0.17   
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Test 4 (Run D): Depressant dosage 500 g/t 
 
Sample 
Mass Water Copper Copper  Copper  Nickel Nickel Nickel Sulphur Sulphur Sulphur 
Flow Flow Grade Mass Recovery Grade Mass Recovery Grade Mass Recovery 
[g/min] [g/min] [%] [g/min] [%] [%] [g] [%] [%] [g] [%] 
C1 6.00 22.00 0.71 0.04 62.53 0.83 0.05 15.88 2.96 0.18 43.93 
C2 6.20 23.00 0.74 0.05 63.71 0.83 0.05 20.09 2.95 0.18 52.83 
C3 5.60 20.00 0.77 0.04 62.42 0.89 0.05 18.08 2.84 0.16 46.73 
C4 6.00 25.00 0.79 0.05 63.07 0.92 0.06 19.72 3.57 0.21 51.13 
C5 5.50 21.00 0.81 0.04 62.93 0.87 0.05 19.29 2.64 0.15 43.61 
                       
                       
F1                       
F2                       
T1 290.19 3419.01 0.03 0.03   0.09 0.26   0.08 0.23   
T2 238.44 3580.02 0.26 0.03   0.09 0.21   0.07 0.16   
T3 251.85 3578.25 0.26 0.03   0.09 0.23   0.07 0.18   
T4 234.54 3670.08 0.03 0.03   0.10 0.22   0.09 0.20   
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C.1 UCT Methodology (Depressant Dosage change): Run 1A Test 1 
 
 
C.2 UCT Methodology (Depressant Dosage change): Run 1A Test 2 
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C.5 UCT Methodology (Depressant Dosage change): Run 1B Test 2 
 
 
C.6 UCT Methodology (Depressant Dosage change): Run 1B Test 3 
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C.11 Froth Height change: Run 2B Test 2 
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C.23 Froth Height change: Run 4B Test 2 
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Run 1A: Measured and Balanced Flow and Solids percentage 
 



















F1 2.82 2.92 86.65 72.17 30.00 32.61 32.05 30.58 
0 
C1 1.03 0.94 20.10 18.83 50.00 47.90 7.74 7.11 
0 
T1 1.95 1.98 48.14 53.34 28.00 26.38 22.06 23.47 
0 
F2 2.82 2.85 72.00 66.60 30.00 29.07 32.05 30.00 100 
C2 0.95 0.94 7.95 7.90 50.00 50.37 3.29 3.26 100 
T2 1.91 1.91 55.27 58.70 25.00 25.55 25.33 26.74 100 
F3 2.82 2.62 86.65 62.47 30.00 27.31 32.05 27.38 500 
C3 0.93 0.95 1.14 1.16 45.00 45.16 0.47 0.48 500 
T3 1.62 1.68 51.69 61.31 25.00 26.82 24.23 26.90 500 
 
Run 1B: Measured and Balanced Flow and Solids percentage 
 



















F1 2.34 2.09 74.43 68.24 24.00 27.08 27.38 28.73 
0 
C1 0.49 0.52 8.39 8.80 55.00 52.38 2.64 2.72 
0 
T1 1.56 1.56 0.00 59.43 25.00 22.20 32.55 26.00 
0 
F2 2.34 2.33 112.29 68.33 24.00 27.46 27.38 28.23 100 
C2 0.46 0.46 4.17 4.20 57.00 55.43 1.48 1.47 100 
T2 1.87 1.87 55.22 64.14 30.00 25.02 0.00 26.76 100 
F3 2.34 2.34 74.33 63.01 24.00 26.60 27.34 27.39 500 
C3 0.47 0.46 0.69 0.68 62.00 61.72 0.45 0.45 500 
T3 0.00 1.88 0.00 62.33 30.00 26.01 0.00 26.94 500 
 
Run 2A: Measured and Balanced Flow and Solids percentage 
 



















F1 2.98 2.61 86.17 90.21 26.00 28.40 28.55 29.89 
3 
C1 0.93 0.99 15.55 15.82 47.00 44.71 7.53 7.66 
3 
T1 1.61 1.61 0.00 74.40 23.00 21.67 0.00 22.23 
3 
F2 2.98 3.24 86.17 94.23 26.00 28.72 28.55 25.96 9 
C2 1.06 1.01 10.62 10.16 52.00 49.67 5.14 5.06 9 
T2 2.37 2.23 90.23 84.07 25.00 23.02 20.00 20.90 9 
F3 2.98 3.06 86.17 88.57 26.00 27.84 28.55 29.35 12 
C3 0.92 0.90 8.89 8.74 51.00 49.65 4.23 4.16 12 
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Run 2B: Measured and Balanced Flow and Solids percentage 
 



















F1 2.55 2.32 64.40 72.84 29.00 31.86 26.38 29.83 
3 
C1 0.99 1.07 17.54 17.88 50.00 47.23 7.37 7.51 
3 
T1 1.48 1.25 0.00 54.97 26.00 24.45 0.00 22.32 
3 
F2 2.55 2.40 80.91 69.09 29.00 31.83 26.38 33.30 9 
C2 0.94 1.02 14.20 15.14 50.00 47.53 6.30 6.29 9 
T2 1.66 1.38 61.96 53.96 27.00 25.27 39.69 27.01 9 
F3 2.55 2.41 80.91 68.16 29.00 30.62 26.38 31.29 12 
C3 0.90 0.95 13.02 13.50 47.00 45.86 6.01 5.95 12 
T3 1.65 1.46 58.82 54.66 26.00 25.05 32.35 25.34 12 
 
Run 3A: Measured and Balanced Flow and Solids percentage 
 



















F1 2.30 2.40 71.07 75.72 26.00 27.84 29.93 31.89 
3 
C1 0.70 0.70 8.14 8.09 49.00 48.05 3.46 3.44 
3 
T1 1.80 1.70 0.00 67.63 26.00 24.42 0.00 28.45 
3 
F2 2.30 2.39 71.07 75.87 26.00 27.58 29.93 31.96 9 
C2 0.52 0.52 5.16 5.17 48.00 47.48 2.16 2.17 9 
T2 1.90 1.86 0.00 70.71 27.00 25.46 0.00 29.79 9 
F3 2.30 2.25 71.07 66.09 26.00 27.05 29.93 35.15 12 
C3 0.32 0.32 2.60 2.66 47.00 46.82 1.09 1.10 12 
T3 1.94 1.93 61.39 63.43 27.00 25.93 46.93 34.05 12 
 
Run 3B: Measured and Balanced Flow and Solids percentage 
 



















F1 2.33 2.37 86.02 88.80 26.00 27.64 32.51 33.55 
3 
C1 0.76 0.76 10.72 10.62 44.00 43.24 4.67 4.62 
3 
T1 1.65 1.62 0.00 78.19 26.00 24.62 0.00 28.93 
3 
F2 2.33 2.33 86.02 88.97 26.00 27.44 32.51 36.67 9 
C2 0.51 0.52 6.63 6.71 43.00 42.58 2.99 3.00 9 
T2 1.81 1.82 83.73 82.25 27.00 25.61 38.01 33.66 9 
F3 2.33 2.27 86.02 77.20 26.00 26.59 32.51 30.28 12 
C3 0.39 0.39 4.11 4.11 42.00 41.89 1.69 1.69 12 
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Run 4A: Measured and Balanced Flow and Solids percentage 
 



















F1 3.21 3.41 86.39 97.36 26.00 26.80 26.84 24.63 
3 
C1 2.04 1.98 2.47 2.41 43.00 42.92 1.89 1.86 
3 
T1 1.48 1.43 107.51 94.94 27.00 26.17 21.50 22.76 
3 
F2 3.21 3.41 89.84 92.72 26.00 26.19 26.84 27.70 9 
C2 1.48 1.39 1.72 1.64 40.00 39.99 1.27 1.21 9 
T2 2.04 2.03 0.00 91.08 26.00 25.82 0.00 26.49 9 
F3 3.21 2.49 86.39 78.00 26.00 25.16 26.84 24.23 12 
C3 0.75 0.89 1.33 1.51 41.00 41.06 0.69 0.79 12 
T3 1.62 1.60 0.00 76.48 24.00 24.69 0.00 23.44 12 
 
Run 4B: Measured and Balanced Flow and Solids percentage 
 



















F1 3.37 3.75 67.51 73.40 24.00 25.16 34.50 41.75 
3 
C1 1.80 1.70 2.46 2.34 38.00 37.89 1.81 1.71 
3 
T1 2.18 2.05 87.13 71.06 26.00 24.68 48.72 40.04 
3 
F2 3.37 3.99 67.51 78.73 24.00 25.11 34.50 41.36 9 
C2 1.59 1.32 2.23 1.91 37.00 36.92 1.65 1.41 9 
T2 2.80 2.68 81.63 76.83 26.00 24.74 44.50 39.95 9 
F3 3.37 3.59 63.69 71.30 24.00 24.99 34.50 31.13 12 
C3 0.90 0.85 1.43 1.36 30.00 29.96 0.97 0.92 12 
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  Particle Size Distribution
















UG2: Run 1A, 11 February 2011 03:01:12 PM  
Figure 0.1: PSD of the Feed run 1A Depressant change 
 





























































































































































































































  Particle Size Distribution
















UG2: Run 1B, 11 February 2011 03:16:12 PM  
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  Particle Size Distribution
















UG2: Run 2A, 11 February 2011 02:15:32 PM  
Figure 0.3: PSD of the Feed run 2A Depressant change 
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  Particle Size Distribution
















UG2: Run 2B, 11 February 2011 02:24:28 PM  
Figure 0.4: PSD of the Feed run 2B Depressant change 
 




























































































































































































































  Particle Size Distribution
















UG2: Run 3A, 11 February 2011 02:32:42 PM  
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  Particle Size Distribution
















UG2: Run 4A, 11 February 2011 01:54:09 PM  
Figure 0.6: PSD of the Feed run 4A Depressant change 
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Test 1, 2 and 3 (Run 1A): Depressant dosage change 
 
Sample 
Solids PGM PGM PGM Cr2O3 Cr2O3 Cr2O3  Solids Water 
Flow Grade Recovery Flow rate Grade Flow rate Recovery Percentage Flow rate 
[g/min] [g/t] % [g/h] [%] [Kg/h] [%] [%] [g/min] 
C1 186.60 83.85 32.15 0.939 1.68 18.83 26.10 47.90 202.97 
C2 84.13 178.66 32.03 0.902 1.51 7.45 10.72 50.38 82.87 
C3 14.99 1052.64 36.07 0.947 1.29 1.16 2.05 45.16 18.20 
                    
F1 644.62 75.49  2.920 1.87 72.17   32.61 1332.02 
F2 609.61 76.98  2.816 1.90 69.50   29.01 1491.62 
F3 568.19 76.98  2.624 1.66 56.74   27.31 1512.72 
T1 458.02 72.08   1.981 1.94 53.34   26.38 1277.99 
T2 525.48 60.70   1.914 1.97 62.06   25.59 1527.88 




























Test 4, 5 and 6 (Run 1B): Depressant dosage change 
 
Sample 
Solids PGM PGM PGM Cr2O3 Cr2O3 Cr2O3 Solids Water 
Flow Grade Recovery Flow rate Grade Flow rate Recovery Percentage Flow rate 
[g/min] [g/t] % [g/h] [%] [Kg/h] [%] [%] [g/min] 
C1 79.30 109.95 25.09 0.52 1.85 8.80 12.90 52.38 72.08 
C2 44.19 173.47 19.75 0.46 1.58 4.17 6.50 55.43 35.53 
C3 8.76 884.27 19.85 0.46 1.30 0.68 1.09 61.72 5.44 
                    
F1 490.20 70.90   2.09 2.32 68.24   27.08 1319.94 
F2 551.41 70.39   2.33 1.94 64.21   27.46 1456.59 
F3 534.92 72.98   2.34 1.96 63.01   26.60 1476.40 
T1 410.90 63.37   1.56 2.41 59.43   22.20 1440.19 
T2 520.00 61.40   1.92 1.97 61.56   25.02 1558.04 




























Tests 7, 8 and 9 (Run 2A): Froth Height change 
 
Sample 
Mass PGM PGM PGM Cr2O3 Cr2O3 Cr2O3 Percentage Water 
Flow Grade Recovery Flow rate Grade Flow rate Recovery  Solids Flow rate 
[g/min] [g/t] % [g/h] [%] [Kg/h] [%] [%] [g/min] 
C1 175.73 94.00 38.04 0.991 1.50 15.82 17.53 44.71 217.35 
C2 130.66 129.05 31.20 1.012 1.30 10.16 10.78 49.67 132.38 
C3 112.11 133.94 29.41 0.901 1.30 8.74 9.87 49.65 113.68 
                    
F1 601.42 72.21   2.606 2.50 90.21   28.40 1516.14 
F2 610.68 88.51   3.243 2.57 94.23   28.72 1515.37 
F3 590.46 86.47   3.064 2.50 88.57   27.84 1530.39 
T1 425.68 63.21   1.615 2.91 74.40   21.67 1538.70 
T2 480.03 77.47   2.231 2.92 84.07   23.02 1605.07 




























Tests 10, 11 and 12 (Run 2B): Froth Height change 
 
Sample 
Mass PGM PGM PGM Cr2O3 Cr2O3 Cr2O3 Percentage Water 






[g/min] [g/t] % [g/h] [%] [Kg/h] [%] [%] [g/min] 
C1 198.61 89.94 46.13 1.07 1.50 17.88 22.20 47.23 221.92 
C2 179.83 94.62 42.54 1.02 1.40 15.14 21.91 47.53 198.54 
C3 163.29 96.50 39.30 0.95 1.38 13.50 19.81 45.86 192.77 
                    
F1 610.07 63.48   2.32 1.99 80.53   31.86 1304.53 
F2 610.66 65.49   2.40 1.89 69.09   31.83 1308.12 
F3 609.54 65.78   2.41 1.86 68.16   30.62 1381.04 
T1 411.46 50.71   1.25 2.54 62.65   24.45 1271.57 
T2 430.83 53.33   1.38 2.09 53.96   25.27 1273.96 



























Tests 13, 14 and 15 (Run 3A): Froth Height change 
 
Sample 
Mass PGM PGM PGM Cr2O3 Cr2O3 Cr2O3 Percentage Water 









[g/min] [g/t] [%] [g/h] [%] [Kg/h] [%] [%] [g/min] 
C1 89.90 129.70 29.17 0.700 1.50 8.09 10.69 48.05 97.18 
C2 60.20 145.10 21.96 0.524 1.43 5.17 6.81 47.48 66.60 
C3 31.37 172.13 14.40 0.324 1.41 2.66 4.03 46.82 35.64 
          
F1 621.68 64.29  2.398 2.03 75.72  27.84 1611.23 
F2 622.92 63.85  2.386 2.03 75.87  27.58 1635.31 
F3 586.97 63.86  2.249 1.88 66.09  27.05 1583.21 
T1 531.78 53.23  1.698 2.12 67.63  24.42 1645.45 
T2 562.73 55.16  1.862 2.09 70.71  25.46 1647.79 



























Tests 16, 17 and 18 (Run 3B): Froth Height change 
 
Sample 
Mass PGM PGM PGM Cr2O3 Cr2O3 Cr2O3 Percentage Water 




rate Recovery Solids 
Flow 
rate 
[g/min] [g/t] % [g/h] [%] [Kg/h] [%] [%] [g/min] 
C1 98.84 127.47 31.88 0.76 1.79 10.62 11.95 43.24 129.76 
C2 65.78 131.22 22.19 0.52 1.70 6.71 7.54 42.58 88.71 
C3 40.58 161.35 17.30 0.39 1.69 4.11 5.32 41.89 56.28 
                    
                    
F1 609.08 64.88   2.37 2.43 88.80   27.64 1594.27 
F2 612.36 63.53   2.33 2.42 88.97   27.44 1619.49 
F3 586.80 64.51   2.27 2.19 77.20   26.59 1620.14 
T1 510.25 52.76   1.62 2.55 78.19   24.62 1561.98 
T2 546.58 55.38   1.82 2.51 82.25   25.61 1587.25 


























Tests 19, 20 and 21 (Run 4A): Froth Height change 
 
Sample 
Mass PGM PGM PGM Chrome Chrome Chromium Percentage Water 
Flow Grade Recovery Flow rate Grade Flow rate Recovery Solids Flow rate 
[g/min] [g/t] [%] [g/h] [%] [Kg/h] [%] [%] [g/min] 
C1 19.47 1466.17 54.52 1.713 1.79 2.09 2.14 42.92 25.90 
C2 15.58 1483.47 40.63 1.387 1.75 1.64 1.76 39.99 23.39 
C3 14.85 999.42 33.69 0.890 1.70 1.51 1.94 41.06 21.32 
                    
F1 602.13 94.38   3.410 2.69 97.36   26.80 1644.79 
F2 594.37 95.72   3.413 2.60 92.72   26.19 1675.22 
F3 519.99 79.84   2.491 2.50 78.00   25.16 1546.62 
T1 579.61 41.09   1.429 2.73 94.94   26.17 1635.04 
T2 578.78 58.35   2.026 2.62 91.08   25.82 1663.11 




























Tests 22, 23 and 24 (Run 4B): Froth Height change 
 
Sample 
Mass PGM PGM PGM Chrome Chrome Chromium Percentage Water 
Flow Grade Recovery Flow rate Grade Flow rate Recovery Solids Flow rate 
[g/min] [g/t] [%] [g/h] [%] [Kg/h] [%] [%] [g/min] 
C1 21.04 1344.40 45.25 1.70 1.85 2.34 3.18 37.89 34.49 
C2 17.70 1238.84 32.97 1.32 1.80 1.91 2.01 36.92 30.25 
C3 12.98 1086.99 23.61 0.85 1.75 1.36 1.76 29.96 30.33 
                   
F1 576.81 108.39   3.75 2.12 73.40   25.16 1715.34 
F2 576.71 115.36   3.99 2.28 78.73   25.11 1719.96 
F3 534.81 111.72  3.59 2.22 71.30  24.99 1605.30 
T1 555.77 61.59   2.05 2.13 71.06   24.68 1695.88 
T2 559.00 79.78   2.68 2.29 76.83   24.74 1700.81 
T3          
 
